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ABSTRACT
This thesis describes the synthesis and properties of organically modified 
silica (ORMOSIL) particles with possible applications in the field of drug delivery. 
Nanoparticle drug delivery methods take advantage of the unique physical 
properties of nanoscale architecture to deliver a large payload of drug to a 
targeted site. They are highly porous, contain many organic functionalities for 
covalent attachment, and their surfaces can be functionalized. A particle-based 
approach allows for the delivery of a large and localized payload in a single 
package.
Initial study focused on the generation of submicron organically modified 
silica particles containing boron. This involved the synthesis of vinyl-enriched 
silica particles and the postmodification of the vinyl functionalities throughout the 
particle body. Hydroboration and bromination of the vinyl functionalities showed 
for the first time that the organic functionalities of ORMOSIL particles could be 
significantly modified.
Next, new organically modified silica particle types were developed. 
These new particle types incorporated unique organic functionalities that may 
undergo additional functionalization. Organic functionalities included alkenyl-,
cyano-, mercapto-, and isocyanto- throughout the particle body. The different 
organic functionalities were then modified to demonstrate their reactivity.
Finally, a particle containing nuclei suitable for neutron capture therapy, a 
fluorescent tag, and targeting ligand was synthesized. Boron was the active 
nuclei, fluorescein was the fluorescent label, useful for in vitro studies, and folic 
acid is a broad field targeting ligand, useful in targeting a variety of cancer types. 
The particle containing the three unique motifs underwent early stages of in vitro 
studies against the OVCAR-3 cell line.
This thesis has considerably advanced the field of ORMOSIL chemistry 
through the development and modification of new ORMOSIL products. While 
initial efforts were geared toward the development of an ORMOSIL suitable for 
drug delivery, the variety of products formed that possess unique characteristics 
make these materials useful far beyond drug scaffolding. Additional work that is 
currently being pursued in the Zharov research lab includes the development of 
highly porous OMROSIL particles for MRI imaging, ORMOSIL hybrids that are 
degradable under acidic conditions, and the use of ORMOSIL particles as a 
stationary phase for solid phase extraction.
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Silica nanoparticles are unique materials with applications in various fields 
such as chromatography1 and drug delivery.2 This stems from the ability to 
readily control the size and shape of the particles and the ability to easily 
functionalize the surface of silica with a variety of organic and inorganic 
materials, and incorporate such materials into the core of the particles. The 
resulting hybrid structures often possess unique properties while eliminating 
weaknesses.
A number of methods exist to prepare silica hybrid nanoparticles. The 
most widely studied and continually evolving method involves the modification of 
the silanols found on the silica surface.3 This can involve modification to alter the 
surface hydrophilicity or growth of polymer shells responsive to external stimuli. 
Additionally, materials may be incorporated throughout the particle body. This 
can be achieved by noncovalent inclusion during the nanoparticle formation, or 
by condensing a mixture of silica precursors.3 Porous silica particles can be 
generated in the presence of different templates.3
Less common hybrid silica particles are called ORMOSILs, an acronym for 
Organically Modified Silica.4 They are formed when an organically modified silica
precursor is used as the only silica source. This generates a material that is 
organic in nature but retains silica particle properties. ORMOSIL particles are 
attractive because they contain reactive organic functionalities throughout the 
entire particle body. Their modifications could include a number of guest species 
(catalysts, drugs, solution-based contaminants) or conversion to a different 
organic functionality (alkene to dibromine, or alkene to diol). Thus, ORMOSIL 
particles have applications in a variety of fields, such as chromatography, 
catalysis, chemical clean-up, and drug delivery.
Unfortunately, ORMOSIL particle preparation is less developed compared 
to that for other hybrid silica materials. This may be because ORMOSIL 
nanoparticles are much more difficult to synthesize than traditional Stober 
particles.
The goal of this work was to explore in detail the preparation of novel 
ORMOSIL nanoparticles and study their properties. This includes the discovery 
of new ORMOSIL particle types through new reaction conditions to induce 
particle formation from different silica precursors. The study also includes the 
exploration of the chemical modification of the organic functional groups found 
inside the nanoparticles. Additionally, we aimed to synthesize a prototype 
ORMOSIL particle to demonstrate the applications of these materials in drug 
delivery. This study significantly expands ORMOSIL chemistry by generating 
new materials and learning what additional modifications are possible.
In this chapter, we provide background and history of hybrid silica 
nanoparticles, as well as their applications. In subsequent chapters, we will
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discuss in detail our experimental efforts and will discuss results and potential 
implications of the study.
1.1 Particle Formation 
The synthesis and growth of silica particles typically involves a series of 
hydrolysis and condensation steps under aqueous conditions. These processes 
are catalyzed by either an acid (i.e., HCl) or a base (i.e., NH4OH). The chemical 
reactions shown in Scheme 1.1 are commonly observed for the initiation and 
growth of a silica particle.5 Condensation leads to dimerization, trimerization, and 
eventually, to individual clusters of growing silica which form the desired silica 
colloidal particles. While the products formed vary greatly depending on the 
conditions, the steps used to form the desired product have many similarities. 
First, the silica precursor undergoes hydrolysis and condensation with other silica 
monomers. Dimers then hydrolyze and condense to form trimers or cyclic 
structures and so on as polymerization continues to form larger silica networks. 
However, the types of products that are formed are often determined by the pH 
of the solution and conditions used. High pH conditions typically yield individual 
nanoparticles resistant to aggregation due to electrostatic repulsions.6 Low pH 
conditions yield gels because individual particle growth is inhibited by nuclei 
reacting with one another instead of preferentially reacting with the silica 
monomer.7 The difference between the acid- and base-catalyzed methods has 
to do with the nature of the growing nuclei. Under the alkali conditions, the 
silanol species is more likely to be deprotonated and thus, the growing nuclei
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become increasingly negatively charged. The negatively charged species repel 
each other due to electrostatic repulsion. This repulsion results in a higher 
concentration of individual particles undergoing growth. Since the growing nuclei 
preferentially react with the silica monomer, well-defined particles are the final 
product. Under the acidic conditions, the growing nuclei possess no substantial 
charge. Because of the small repulsion between the growing nuclei, the 
individual clusters react with each other to produce extended polymer chains. 
Therefore, the common products of the acid catalyzed method are three­
dimensional gels.6 A schematic of the possible silica products as a function of 
reaction conditions is shown in Figure 1.1. In general, the methods developed for 
pure silica particle and gel synthesis are also valid for silica hybrid materials (i.e., 
co-condensation, organosilica particle formation, etc.). Thus, it is important to 
discuss the chemistry of the particle growth.
1.2 Stober Method for Silica Particle Synthesis 
While there are many methods that may be used to synthesize silica 
colloids,8-16 the most popular and widely developed method is the so-called 
Stober process (Scheme 1.2) . 17 The method was first published in 1968 and 
involves the addition of tetraethylorthosilicate (TEOS) to a solution of ethanol, 
water, and ammonium hydroxide with rapid stirring. As the TEOS is added to the 
solution, the mixture quickly becomes opalescent and increasingly opaque as the 
sizes of the particles increases. After the particles are formed, they are isolated 
by centrifugation and washed to remove the ammonium hydroxide and silica
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precursor. This relatively simple process can be used to synthesize particles of a 
desired diameter by altering the concentration of NH4OH. Because NH4OH 
increases the solubility of the silica intermediates, in particular of the growing 
clusters, particles can be grown to a larger diameter by increasing the NH4OH 
concentration. Alternatively, particles of smaller diameter can be synthesized by 
using less NH4OH. Additionally, the temperature of the solution during the 
particle formation affects the final particle sizes. 18,19,20 As the temperature of the 
solution increases, the surface energy of the particles decreases. Particle growth 
minimizes the interfacial tension in solution. Thus, particles decrease in diameter 
as the temperature of the solution increases. Using the Stober method or a slight 
variation in the conditions, monodisperse particles have been synthesized 
between ~50 nm21 and over 2 ^m 22 in diameter.
1.3 Encapsulation of Fluorophores in Silica Particles 
One example of hybrid silica materials includes the encapsulation of 
fluorescent dyes. The interest in incorporation of such dyes inside silica 
nanoparticles stems from the fact that fluorophores easily undergo photo or 
chemical bleaching in solution, thus limiting their useful fluorescence lifetime. 
Additionally, their fluorescence quantum yield can be low. This can be 
particularly problematic for confocal microscopy experiments. Silica particles can 
help to circumvent these issues altogether. If a fluorescent species is isolated 
within a silica particle body, the silica body can protect the fluorophore and thus 
reduce quenching and improve the fluorescence lifetime. Another benefit to the
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encapsulation of the fluorescent dye is the increase in its quantum yield .23,24 This 
is due to the synergistic effect that occurs when multiple of the same fluorescent 
species are housed together in a solid material.
There are two common methods used to generate fluorescent silica 
particles. The first method involves the generation of silica particles through a 
reverse phase microemulsion. To the emulsion, TEOS and the fluorophore are 
added. As the reagents enter the cavity of the micelle, the TEOS polymerizes 
and forms the particle with the fluorescent dye trapped within the particle body. 
The particle size is controlled by the size of the initial micelles in the emulsion. 
One possible disadvantage to this method involves the leakage of the dye out of 
the silica. To help circumvent this issue, a cationic dye, such as ruthenium(II) 
chloride hexahydrate, can be used.25,26,27 A cationic dye electrostatically 
interacts with the negatively charged silica species and leaching from the silica is 
greatly reduced.
The second and more conventional method is to covalently bind the dye to 
the silica particle. This involves covalently attaching the dye to a silica precursor 
such as 3-aminopropyltriethoxysilane. This precursor can then be co-condensed 
with TEOS in the emulsion-mediated method or under the standard Stober 
conditions. The resulting particle contains the dye throughout the body.28 
Alternatively, the dye can be covalently attached to presynthesized silica 
particles.29,30,31 This reduces the process to a simple surface modification 
method, but comes at the cost of a lower level of protection offered to the dye. 
Additional protection may be introduced if a layer of silica is grown on top of the
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fluorescent silica nanoparticle. Despite the increased particle size, a fresh silica 
surface is available for further surface modification. These highly fluorescent 
particles were found to be useful for a variety of biologically relevant applications. 
For example, if the surfaces of these particles are covalently modified with a 
targeting or recognition species, a complimentary target can be readily 
recognized. This has been useful for the determination of different cell lines and 
DNA.32,33 Alternatively, fluorescent particles may also be used as an indirect 
means of determining ions in solution or to detect organic species. In this case, 
the guest interaction with the fluorophore of the particle induces a change in 
fluorescence. Thus, the change in fluorescent intensity is monitored. For 
example, TNT can cause quenching of silica-bound FITC dyes and fluorescence 
is lost in the presence of this molecule. Additionally, different metal ions have 
been detected using a method that monitors the change in fluorescence of the 
particle.34 A schematic of the different kinds of dye-enriched products can be 
seen in Scheme 1.3. Overall, fluorescent silica particles can act as a very stable 
fluorophore that is resistant to bleaching, have high quantum yields when 
irradiated with UV light, and can be used in a variety of fields due to the ability to 
further tailor the surface depending on the need.
1.4 Core-Shell Silica Nanoparticles 
Silica can also be used to protect other particles. For example, Quantum 
Dots (QD) can be protected by growing a layer of silica on the QD particle 
surface. QDs are strongly luminescent and their luminescent emission can be
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controlled by their size. Additionally, they are highly resistant to photobleaching 
and do not require additional protection to maintain their luminescence.35 These 
properties, combined with their small size, make them particularly attractive for 
biological imaging and sensing. However, they are highly toxic. QD toxicity is 
due to the generation of toxic reactive oxygen species or from the leaching of 
heavy metal ions.36 However, since both of these cytotoxic properties involve 
interaction with the QD itself, toxicity can be greatly reduced by minimizing 
interaction with the QD surface. Not only does the silica layer reduce interaction 
with the QD surface, but it also introduces a surface that can be modified in a 
variety of ways. Growing a layer of silica on the surface of QDs usually involves 
either a modification of the Stober method or the micelle-mediated reverse 
emulsion method.3742 In either case, a ligand exchange must first be conducted 
on QDs in order to introduce a hydrophilic interface between the silica-layer and 
the QD. After the ligand exchange, the QDs can be transferred to the silica 
growth solution. Depending on the surface charge of the QDs, either a single QD 
will be in the core of the silica shell or multiple QDs will reside within. Silica- 
coated QDs have shown toxicity that was dramatically decreased or outright 
removed.43 With the greatly reduced toxicity and the ability to further 
functionalize the surface, silica-coated QDs have been used as a cell imaging 
agent as they are able to undergo endocytosis.42 With further modification of the 
silica shell, coated QDs have also been able to target and label different cancer 
cells.44
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Other metallic nanoparticles gain several distinct advantages when coated 
with a layer of silica. A silica shell can help stabilize a colloidal solution of 
nanoparticles by preventing the particle surfaces from interacting, which can 
reduce particle aggregation. The silanols of the silica surface can also be 
functionalized with a variety of modified silanes such as fluorescent labels and 
targeting ligands. The silica layer also prevents interaction of the particle surface 
with healthy tissue, which can help to alleviate concerns about particle toxicity.45 
These added properties are particularly useful for iron oxide and gold 
nanoparticles as they may have useful drug and imaging properties. Iron oxide 
nanoparticles are seen as a potentially useful MRI contrast agent46 while gold 
nanoparticles are seen as a possible low toxicity photothermal therapy drug .47 
Growing silica on the surface of metallic particles is similar to growing silica on 
the surface of QDs. The surface of the particles will typically need to undergo a 
ligand exchange to prepare for silica shell growth, followed by transfer to a silica 
growth solution where the shell is grown to the desired thickness. This method is 
common for presynthesized metallic particles. A silica shell may be grown on the 
surface of metallic nanoparticles during particle synthesis; however, this method 
required growth in situ using a microemulsion and is considerably more sensitive 
to changes in reactions conditions and as a result, is less common.48
1.5 Silica as a Template 
Silica particles can also be used as a template for hollow nanostructures 
(Scheme 1.4). For example, if a cationic polymer is adhered to the silica surface,
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an anionic polymer can next be adsorbed on top of the positively charged 
polymer. This process can be repeated until a thick polymer layer is formed. 
The polymer can then be chemically crosslinked.49 The silica core can be etched 
out to yield a hollow polymeric capsule. Such capsules have been used for drug 
delivery and/or drug targeting .50,51 The benefit to this method is the ability to 
control the size of the polymeric capsules by changing the size of the original 
silica core.
1.6 Preparation of Silica-Polymer Hybrids 
Another approach to silica surface modification involves covalent 
attachment to the silanols on the silica surface. This is accomplished by the 
addition of an alkoxy silane, which forms a new silyl ether bond to the particle 
surface. A variety of organic moieties can be attached to the silica surface if the 
organic moiety is covalently bound to the alkoxysilane precursor. Particle 
properties can be altered through covalent modification of its surface. For 
example, hydrophobicity/hydrophilicity and surface charge can be easily tailored 
through a simple surface modification.6
Another important approach is the attachment of polymers to the silica 
particle surface .52 Polymers on the surface of a silica particle may have a variety 
of functions. For example, if the polymer is stimuli responsive, the polymer brush 
may expand or contract upon stimulation or undergo a charge reversal. This can 
be useful as a type of gating mechanism for chemical separations.53,54,55
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There are two common ways to anchor a polymer to the surface of a silica 
particle (Scheme 1.5) .56 The first method is called a “grafting too” approach. 
This involves the attachment of a presynthesized polymer directly to the surface 
of a silica particle. The benefit to this method is that the polymer can be fully 
characterized before its covalent attachment to the particle. The disadvantage of 
this method, however, is the limited grafting density that can be achieved. As the 
particle surface becomes covered with polymers, access to the silanols or other 
functional groups becomes sterically hindered.
The second method is called the “grafting from” approach. It involves the 
modification of the particle surface with polymerization initiators. The initiator 
species can then induce polymerization of a monomer which would grow a 
polymer brush from the surface one monomer at a time. One benefit of this 
method is the higher grafting density that can be achieved. The other benefit of 
this method is the control of the length of the polymer brush that stems from 
using living polymerization techniques. Additionally, because of the living 
polymerization conditions, block co-polymers can be formed by using different 
monomers. There are a number of living polymerization techniques that can be 
used, including Reversible Addition-Fragmentation chain Transfer polymerization 
(RAFT), Atom Transfer Radical Polymerization (ATRP), Nitroxide Mediated 
Polymerization (NMP), and Ring Opening Polymerization (ROP) .52 However, the 
disadvantage of this method is the difficulty in characterizing the polymers after 
they have been formed. Solution characterization techniques such as NMR and 
GPC can prove difficult or impossible when polymers are bound to a silica
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surface. Furthermore, additional modification of the polymer brush can prove 
difficult to conduct and characterize when bound to the silica surface. In the end, 
the type of grafting technique used depends on the goals at hand and the level of 
characterization required.
1.7 Mesoporous Silica Nanoparticles 
Mesoporous silica nanoparticles combine the properties of silica materials 
with a well-defined porous network throughout the body of the nanoparticle. 
These materials were first discovered by Mobile in 1992 and attracted attention 
as a new type of highly porous molecular sieve .57,58 Typically, mesoporous silica 
materials are synthesized via the hydrolysis and condensation of a silica 
precursor (i.e., TEOS) in the presence of a micellar solution. As the micelles 
form and assemble in the solution, they act as a template for the silica precursor 
condensing around them. An illustration of how such materials can be formed is 
shown in Scheme 1.6. Mesoporous silica nanoparticles can be synthesized with 
various pore sizes, different organization of the porous network, and varying 
degrees of penetration throughout the particle body.5969 The diameters of the 
pores are determined by the surfactant used to generate the template and by the 
reaction temperature. Victor-Lin and coworkers developed good synthetic 
methodology for the preparation of monodisperse particles containing the same 
levels of porosity as the bulk mesoporous silica .70 By carefully controlling the 
interactions between the cationic surfactant (CTAB) and the growing anionic 
silica nuclei, they were able to limit the degree of assembly of the silica and thus
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produce well-defined and highly porous particles. They were able to control this 
interaction and thus control the characteristics of the resulting products by 
introducing an organically modified silane along with their primary silica precursor 
(TEOS) .71 The development of these highly porous silica nanoparticles led to the 
renewed interest in silica chemistry.
Applications of the mesoporous silica nanoparticles are often related to 
drug delivery. Since mesoporous silica particles are highly porous and the 
surfaces are easily modified, they are ideal candidates for uptake and release of 
drug molecules. This can be accomplished by immersing the particles into a 
solution of drug molecules. The drug molecules enter the pores of the particles 
and the pores can be sealed off with a cleavable plug (Scheme 1.7). The drug 
molecules are trapped inside the particle and are only released upon cleavage of 
the plug. For example, vancomycin was successfully encapsulated within 
mesoporous silica particles utilizing a cleavable disulfide bridge. The surface of 
the silica particles was modified with an amine terminated disulfide ligand. After 
the drug had been loaded into the particle, a CdS nanocrystal functionalized with 
carboxcylic acid plugged the pores through amidation on the surface of the silica, 
sealing the drug within the pores.72 The drug could be released after the 
cleavage of the disulfide bond and release of the CdS nanocrystal from the silica. 
Other plugs have also been used to seal mesoporous silica particles after particle 
loading, such as iron oxide particles that would open the pores in response to 
magnetic field .73
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An additional advantage to the mesoporous particles is the ability to 
selectively modify the interior of the pores or the surface of the particle. 
Conventional silica surface modification can be conducted before the templating 
surfactant is removed. The surfactant thus protects the pore walls from 
functionalization. After the surface modification is complete, removal of the 
surfactant from the pores exposes the nanopore surface for additional 
modification.74
1.8  Co-Condensation Method for the 
Preparation of Silica Nanoparticles
Another method used to synthesize hybrid silica nanoparticles is the co­
condensation of different silica species (Scheme 1.8 ). Instead of using TEOS as 
the only silica source, an organically modified silane is added to the solution. If 
the organic silane is condensed with TEOS, some of the properties of the 
organo-silane are introduced into the silica nanoparticles. This approach has 
been utilized to generate new particle types. Waters Corporation has taken 
advantage of the co-condensation method to generate a high-performance 
packing for their HPLC columns. They co-condensed TEOS with 
bis(triethoxysilyl)ethane. The bridge group that was introduced through the 
particle body of the silica particles added increased mechanical and chemical 
stability while greatly improving the materials’ tolerance to high pH conditions.75
Other species have been incorporated into the co-condensed silica 
nanoparticles including complex structures. For example, fluorescent dyes76,77,78 
and anticancer agents79 have been introduced throughout the body of a silica
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particle. Co-condensation can also be conducted during the generation of 
mesoporous nanoparticles in order to increase the number of organic groups on 
the nanopores.71 Placing the organo-silane throughout the particle body rather 
than limiting it to the surface helps to protect the organic functionality. For 
example, fluorescent dyes will be more resistant to chemical and photobleaching 
due to the protective nature of the particle body. In the case of the porous 
materials, functional groups may be present within the pores, thus increasing the 
amount of organic material on the total surface area. Thus, co-condensation of a 
silica-bound material with TEOS can yield particles with unique properties.
1.9 Preparation of ORMOSIL Nanoparticles 
ORMOSIL nanoparticles are prepared by hydrolysis of a trialkoxysilanes. 
This method is not well developed due to the difficulty in particle preparation. 
Ottenbrite and coworkers were one of the first groups to develop ORMOSIL 
particles without the use of TEOS as a co-condensation agent.80 They were able 
to generate a variety of particles containing hydrophobic organic groups (methyl, 
ethyl, vinyl, etc.) using aminopropyltriethoxysilane as a catalyst in an emulsion- 
mediated method. While the result was technically a co-condensation product, 
they showed that most of the products were comprised of the hydrophobic silica 
monomer. This method yielded well-defined spherical particles between 100-500 
nm in diameter. Hay and coworkers expanded on this work by producing two 
unique methodologies to generate well-defined OMROSIL particles. Based on a 
study that used sodium silicate as a seed to grow silica particles,81 they were
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able to synthesize a variety of hydrophobic ORMOSILs.82 The synthesis involved 
a variation of the Stober method and used all of the same reagents. However, 
the important difference was the use of an organo-silane instead of TEOS. The 
sodium silicate solution added to the mixture induced particle growth by acting as 
a nucleation site for the organosilane nanoparticles (Scheme 1.9). Using this 
method, they were able to generate a family of particles smaller than 2 0 0  nm in 
diameter. While this method requires a seed source to generate the particles, 
the products themselves are comprised of mostly the organosilane rather than 
the seed source.
The second and more recent method the Hay group developed involved a 
micelle-mediated synthesis (Scheme 1.10) .83 This method utilized a cationic 
surfactant as a means to control the particle size. A micellar solution was 
prepared in an aqueous alkali solution and the organosilane was added to it. 
They were able to generate a family of ORMOSIL particles using this method, 
and to tune the size of the particle by manipulating the surfactant concentration.84 
This method is one of the only examples were ORMOSIL particles are prepared 
from a single organosilane.
1.10 ORMOSIL Nanoparticle Applications 
ORMOSILs are unique because they combine the properties of both 
mesoporous silica and of organic species. ORMOSILs are partially porous due 
to the lack of the four siloxane bridges found in standard silica particles. This 
disrupts the compact nature of the silica matrix. Additionally, the steric bulk
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introduced by the organic groups can add to the porosity. ORMOSILs also 
contain organic functional groups covalently bound to the silica network. These 
organic groups may undergo reactions much like any other organic moieties. For 
example, vinyl-thiol ORMOSIL particles were used to grow different metallic 
particles both on the surface and throughout the silica particle body.85 The thiol 
and vinyl functionalities immobilize growing metallic particle nuclei and keep the 
particle in place as it grew. This can be advantageous as metallic nanoparticles 
tend to aggregate in solution. Keeping the particles immobilized inside the 
nanoparticles prevents metallic particle interactions and thus unwanted 
agglomeration. The other benefit to this method is the potential for the use as a 
catalyst.
Like other silica nanoparticles, ORMOSILs have applications in drug 
delivery. For example, a photosensitizer useful for photodynamic therapy was 
co-condensed with a vinyl silane precursor to generate a vinyl particle with 
covalently bound iodobenzyl-pyrosilane throughout the particle body. The 
resulting nanoparticles were monodisperse, could be synthesized in a very small 
size range (sub 2 0  nm), were water stable, and could be up taken directly into 
different cancer cells. Additionally, due to the organic functionality, there is 
opportunity to further tailor these particles with targeting agents.86 Finally, 
ORMOSIL particles have also found use as a polymer binder to alter physical 
properties of polymer films .87,88
In many ways, ORMOSIL particle synthesis and applications are still in 
their infancy. Indeed, few publications involve the use of pure ORMOSIL
17
particles and most utilize a vinyl precursor since it behaves much like TEOS. 
However, as new methods are developed to generate new particle types, the 
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Figure 1.1: Sol-gel products resulting from different reaction conditions.6
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CHAPTER 2
DESIGN AND SYNTHESIS OF BORON-CONTAINING 
SILICA NANOPARTICLES'
2.1 Introduction
Boron Neutron Capture Therapy (BNCT) is a form of cancer treatment that 
utilizes 10B and a thermal neutron source. The two components of this binary 
system are innocuous in vivo until they are brought together and undergo fission. 
This fission reaction, more commonly known as a neutron capture event, occurs 
when a low-energy thermal neutron fuses with the nucleus of 10B atom to form a 
transient unstable 11B isotope. The 11B isotope undergoes a fission reaction 
releasing a recoiling 7Li ion and an alpha particle (Scheme 2.1). These fission 
products release a significant amount of energy capable of ionizing material 
within several micrometers of the reaction site. 1,2,3
If this reaction can be confined near or inside a cancerous cell, cell death 
can occur from organelle damage, cell wall damage, or damage to the nucleus. 
The difficulty in this method lies with the incorporation of a sufficient amount of 
boron into a cancerous cell to ensure that a neutron capture event occurs.
i Parts of this chapter have been reprinted with permission from Brozek, E.; Zharov, I. 
Internal Functionalization and Surface Modification of Vinylsilsesquioxane Nanoparticles. Chem. 
Mater. 2009, 21, 1451-1456. Copyright 2013 American Chemical Society.
Approximately 109 boron atoms per cell are required to assure the capture 
efficiency of at least 85%. Additionally, the ratio of boron content in tumor to that 
in blood needs to be at least 3:1 .4,5 If the ratio is too low, there is a significant 
risk of damaging healthy tissue. This is especially important for brain cancer as 
brain damage can result from limited accumulation.
Two boron-containing moieties that have undergone clinical trials are 
mercaptoundecahydrodedecaborate (BSH) and 4-dihydroxyboorylphenylalanine 
(BPA). BSH molecules contain a large number of boron (10 atoms) ,6 which 
make them a good candidate for BNCT. BSH is uptaken by brain tumors, but the 
reason for the uptake remains unclear.7 BPA was introduced based on the 
assumption that it would be uptaken in higher doses in cells that possess higher 
levels of melanin formation, as phenylalanine is the precursor for its synthesis.7 
BPA showed increased uptake in such cells, which made the drug more 
selective.8,9
Most of the boron-containing agents cannot deliver a sufficient number of 
boron atoms to cancer cells. In this respect, nanoparticles may provide a 
superior delivery modality due to the high boron content compared to other boron 
delivery agents. 10 So far, two methods have been reported for the preparation of 
boron-rich nanoparticles. One method involves ball milling of a boron powder by 
spinning the material in the presence of ball bearings. Boron nitride has been 
ball milled into a polydisperse powder of particles ranging from 40-500 nm in 
diameter, followed by surface functionalization. 11 The problem with the ball 
milling method is the general lack of control of size and shape of the resulting
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particles. Additionally, the particles require surface stabilization to prevent 
aggregation, which limits useful surface modification. The second method 
involves the reduction of a tribromoboron salt by sodium naphthelinde in diglyme. 
This yields spherical elemental boron particles in the size range of 1-45 nm in 
diameter.1 2  However, the particles formed through the reduction chemistry are 
highly sensitive to oxidation and require surface stabilization to prevent them 
from reacting with oxygen. Again, this limits the extent of useful surface 
functionalizations.
Boron-rich silica nanoparticles provide a promising alternative approach. 
If boron can be placed throughout a silica particle either via co-condensation, 
entrapment within the core, or bound to silica as an ORMOSIL, a large number of 
boron atoms could be delivered by a single particle. Additionally, the surface of 
the particle could be designed for the needs of the cancer therapy. The goal of 
this research project was to prepare new silica nanoparticles containing a large 
number of boron atoms.
In this chapter, the development of new boron-rich silica nanoparticles is 
described. Three approaches were examined in order to prepare the desired 
material. 1) Co-condensation of a silica precursor and activated boron source. 
2 ) Generation of boron-containing trialkoxy-silica species and their hydrolysis and 
condensation to induce particle growth. 3) Synthesis of vinyl-containing silica 
particles and postmodification of the vinyl-handles throughout the particle body.
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2.2 Experimental Section
2 .2 . 1  General
All water-sensitive reactions were conducted under dry nitrogen 
atmosphere using dried glassware and anhydrous solvents. Hygroscopic liquids 
were transferred into reaction vessels by syringe through rubber septa. Where 
applicable, reactions were monitored by TLC using Merck silica gel 60F254 on 
aluminum plates and a potassium permanganate stain. Silicycle silica gel 
(Ultrapure, 230-400 mesh) was used for flash chromatography separations 
where applicable.
2.2.2 Reagents
All solvents were obtained from Mallinckrodt Baker or Fisher Scientific as 
reagent grade, except for hexanes and ethyl acetate that were of technical grade. 
THF was dried by distillation over sodium benzophenone ketyl under nitrogen; 
dichloromethane was dried by distillation over calcium hydride under nitrogen. 
Toluene was dried over 4 A molecular sieves. All other solvents were used 
without further purification. The following reagents were all purchased and used 
without additional purification: glycerol (Mallinckrodt), boronic acid (99.9%, 
Mallinckrodt), NH4OH (30%, Mallinckrodt), tetraethylorthosilicate (Alfa Aesar, 
+99.999), allylboronic acid pinacol ester (97%, Aldrich), vinyltriethoxysilane (97%, 
Aldrich), Grubb’s 1st generation catalyst (Aldrich), 9-BBN (0.5 M in THF, Aldrich), 
acetlaldehyde (98.5%, Alfa Aesar), pinacol borane (97%, Aldrich), 
allyltriethoxysilane (Gelest), catecholborane (98%, Aldrich), Triethoxysilane
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(Gelest), Karstedt’s catalyst (Aldrich), BH3.THF complex (1M stabilized, Acros 
organics), silicate solution (27% SiO2, 10% NaOH, Aldrich), bromine (>99.5%, 
Mallinckrodt), 3-aminopropyltriethoxysilane (98%, Alrich), dansyl chloride (99%, 
Aldrich), 2,6-lutidine (99%, Aldrich).
2.2.3 Instrumentation
IR spectra were recorded in the range from 400 to 4000 cm-1 using a 
Bruker Tensor 37 IR Spectrophotometer as KBr pellets. Scanning electron 
microscopy (SEM) images were obtained using a Hitachi S3000N instrument at 
an accelerating voltage of 20 kV. Elemental analysis was conducted by 
Columbia Analytical Services using Inductively Coupled Plasma spectroscopy 
(ICP). Thermogravimetric Analysis (TGA) measurements were performed using 
a TA Instruments Q500 series TGA using a type P Platinel II thermocouple in an 
open platinum pan. The isotropic 11B NMR data were collected using a 600 MHz 
Varian Infinity spectrometer using a 4.0 mm probe and a sample spinning speed 
of 10.0 kHz. Analysis was performed using a single pulse excitation at a 
frequency of 192.437 MHz and no decoupling. A total of 256 scans were 
acquired using a 2.0 |js 90 pulse and a 200 kHz spectral width with a 10 s delay 
between pulses. The spectrum was referenced to the 11B resonance in sodium 




2.2.4.1 Attempted synthesis o f borosilicate particles via activated boronic 
acid (Scheme 2.2) . 13 Millipore water (21.9 mL) was placed into an Erlenmeyer 
flask (125 mL) and set to stir. Glycerol (9.22 mL, 128 mmol) was added to the 
flask, followed by boronic acid (2.35 g, 38 mmol). The solution was allowed to 
homogenize. Tetraethoxysilane (TEOS) (4.43 mL, 20 mmol) was dissolved in 
absolute EtOH (49.4 mL). The ethanoic TEOS solution was added to the boronic 
acid solution under continued stirring. Ammonium hydroxide (12.4 mL, 28%) was 
carefully added to the TEOS/boronic acid solution and the flask was sealed 
tightly with Parafilm. The final molar concentrations of the solution in absolute 
EtOH were as follows: 0.20 M TEOS, 0.96 M NH4OH, 17.0 M H2O, 0.38 M 
B(OH)3 . Shortly after the addition of NH4OH, the solution became turbid and 
eventually white and opaque. The solution was stirred overnight at room 
temperature. The following day, a white precipitate was collected via 
centrifugation. The precipitate was washed seven times with water/ethanol 
mixtures containing increasing EtOH quantities (1:0, 3:1. 2:1, etc.). After the 
washing, a white solid was collected and dried under the nitrogen to yield a fine 
white powder. IR spectra were recorded for the powder in KBr pellets.
2.2.4.2 Olefin metathesis o f vinyltriethoxysilane and allylboronic acid 
pinacol ester (Scheme 2.3) : 14 Into a dry 3-necked round-bottom flask, dry 
methylene chloride (10 mL) was placed. Vinyltriethoxysilane (0.757 mL, 3.63 
mmol) was added to the flask followed by allylboronic acid pinacol ester (0.140 
mL, 0.73 mmol). Note: The silica:boron ratio needs to be kept at a minimum of
35
5:1 in order to prevent homometathesis of the boron source. A few milligrams of 
Grubb’s 1st generation catalyst were added to the flask and the reaction mixture 
was set to reflux. The reaction progress was monitored via TLC. The product 
was collected by flash chromatography using silica as the stationary phase and 
85:15 hexanes/ethylacetate eluent. Yields were typically between 50-60%.
2.2.4.3 Synthesis o f functionally rich-trialkoxysilane particles via SiO2 
seeding method (Scheme 2.4) . 15 A typical method for the synthesis of 
organically modified silica particles is as follows. Into a separate round-bottom 
flask, absolute ethanol (6.3 mL), ammonium hydroxide (8.4 mL, 30%), and 
vinyltriethoxysilane (0.84, 4 mmol) were all added and the contents set to stir. 
Into a separate vial, silicate solution (0.25 mL, 2.2%) was mixed with absolute 
ethanol (12.5 mL). The silicate solution was added to the previously prepared 
solution in a single addition. Within several hours of stirring, a white suspension 
was observed. The solution continued to stir overnight. The white precipitate 
was centrifuged down to yield a white solid. The solid was washed with mixtures 
of ethanol and water. After washing, the white precipitate was dried overnight 
over air to yield a fine white powder. IR, TGA, SEM, TEM, and elemental 
analysis data were collected.
2.2.4.4 Bromination of vinyl-containing ORMOSIL particles (Scheme 2.5). 
Dichloromethane (10 mL) was added to 0.25 g vinylsilisesquioxane nanoparticles 
(3.13 mmol based on monomer unit) and sonicated. To this solution, three 
equivalents of bromine (0.48 mL) were carefully added; the vial was then capped 
and sealed with Parafilm. The contents were briefly sonicated and stirred
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overnight (~16 h.). The particles became much denser and precipitated out of 
solution more rapidly compared to nonbrominated particles while the color of the 
solution slightly lightened. The particles were collected by centrifugation and 
washed at least five times with dichloromethane to ensure all bromine was 
removed. Once washed, the particles were air dried and vacuum dried for at 
least 18 h. The particles were isolated as a fine white/off white powder. The 
powder was analyzed by IR spectroscopy, TGA, SEM, and elemental analysis 
(ICP). EA results: Si%: 13.05, C%: 9.125, H%: 1.315, Br%: 59.85.
2.2.4.5 Posthydroboration of vinyl-containing particles (Scheme 2.6). 
Vinylsilisesquioxane nanoparticles (0.25 g, 3.13 mmol based on monomer unit) 
were placed in a 25 mL round-bottom flask. To the vial, THF (3 mL) was added 
under nitrogen to disperse the particles. Three equivalents of 1.0 M BH3-THF 
(9.5 mL) solution were then added. The contents were briefly sonicated to 
disperse the particles and vigorously stirred. At first, the particles dispersed 
evenly in the THF/BH3 solution. After approximately 20 min., the particles began 
to precipitate out of the solution and appeared to cluster and could not be easily 
redispersed. The particles were sonicated again and stirred overnight. The solid 
was then collected via centrifugation at approximately 1800 rpm and washed 
several times with THF to remove excess BH3 . After the THF washings, the 
particles were washed with pure ethanol with a little water to remove any residual 
BH3 while also converting the free borohydride groups to boric acids.16 ,17 The 
particles were then rinsed several times with water to further remove any 
impurities and assure the conversion of the free hydrides. The boron-enriched
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particles disperse evenly into pure water while the vinyl-particles are too 
hydrophobic to do so, offering an indication that a modification took place. The 
white solid was air dried and dried under vacuum for at least 18 h. The fine white 
powder was then analyzed by IR, TGA, SEM, ICP, and CP-MAS 10B NMR. EA 
results: Si%: 23.45, C%: 16.44, H%: 3.785, B%: 3.585.
2.2.4.6 Amination of modified vinyl-containing particles (Scheme 2.7) : 18 A 
general method was used for the amine functionalization of the surfaces of the 
particles and could be used for the vinyl, brominated, and boronated particles. 
An example of the procedure used is as follows: dry acetonitrile (6 mL) was 
added to vinyl-particles (26 mg) in a scintillation vial and sonicated to evenly 
disperse the particles. 3-Aminopropyltriethoxysilane (90 |jL, 0.336 mmol) was 
added to the vial and the reaction mixture was stirred for approximately 2 0  hours. 
The particles were collected by centrifugation and washed several times with 
acetonitrile to remove any excess APTES. The white/off white solid was air dried 
then dried under vacuum overnight. The amine-modified particles were used 
without further characterization.
2.2.4.7 Dansylation o f amine-modified ORMOSIL particles (Scheme 2.8) : 19 
A general method was used for the dansylation of the amine-functionalized 
particles and could be applied to the vinyl, bromine-, and boron-enriched 
aminated particles. An example of the procedure used is as follows: dry 
acetonitrile (10 mL) was added to amine-functionalized nanoparticles (13 mg) in 
a scintillation vial and sonicated to disperse the particles evenly. The vial was 
wrapped in aluminum foil and dansyl chloride (10 mg, 0.04 mmol) was added
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followed by three drops of dry 2,6-lutidine. The vial was capped, wrapped in 
Parafilm, and the solution stirred for about 17 hours. The resulting particles were 
collected via centrifugation and washed five times with acetonitrile to remove any 
excess dansyl chloride. The particles were air dried then dried under vacuum 
overnight to yield a white/off white powder. The powder was irradiated with 
short-wave UV light and showed blue/green fluorescence. A control experiment 
was performed for nonaminated particles under the same conditions and they did 
not exhibit fluorescence.
2.3 Results and Discussion
2.3.1 Activated boronic acid
Our initial plan was to incorporate an activated boronic acid species into 
the matrix of a Stober silica particle. There are several advantages to this 
design. First, the Stober method has been exhaustively studied. Second, the 
Stober method and its variations can yield particles over a wide size range, 
ranging from tens of nanometers to over a micron.20,21,22 Third, the products 
derived from this synthesis would possess surfaces covered in silanols. This 
means the product could be easily surface-modified with targeting ligands, 
fluorescent tags, or any other functionality that could prove useful for in vitro or in 
vivo studies.23-29 Fourth, silica and boronic acid have shown to have no toxicity
30in vivo .30
The aim was to introduce a boronic acid species that would participate in 
the hydrolysis/condensation process of the Stober reaction (Scheme 2.9).
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Glycerol was stirred with boronic acid in a water/ethanol solution in order to 
generate the reactive species. To the vessel, ethanol water, 
tetraethylorthosilicate, and ammonia hydroxide were added as is common in the 
Stober method. It seemed reasonable to assume that activation of the boronic 
acid was the most important first step, especially considering how quickly silica 
particles can form in solution. Formation of the particles became apparent as the 
solution went from clear, to cloudy, to white and opaque. We used IR spectra in 
order to evaluate the product.
The IR spectrum provides several important observations (Figure 2.1). 
First, a very strong peak found at 1061 cm-1 represents a Si-O asymmetric 
vibration. This peak suggests the successful formation of a silica particle. A 
peak found at 952 cm-1 is typical of a Si-OH asymmetric vibration and suggests 
the preservation of the surface bound silanols. Additionally, a broad peak at 
3435 cm-1 is representative of a -O H stretch, most likely due from H2O or that 
from the silanols. A peak at 1631 cm-1 likely results from the scissoring vibration 
of H2O, which is reasonable considering the conditions of the TEOS 
condensation.31 This leaves the peak at 1401cm-1 to be assigned. At first, the 
presence of the peak at 1401 cm-1 appeared encouraging, as this range is typical 
of the B-O stretching vibration, and suggested some level of incorporation of 
boron into the silica particle. However, additional testing of our particles 
suggested otherwise. Specifically, the IR spectrum of the particles prepared by 
the Stober method without the use of boronic acid was nearly identical. Thus, 
the peak likely represents another asymmetric Si-O-Si vibration and seems to
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appear in other particles prepared by the Stober method. Burning the particles 
was also attempted, as boron typically gives a green flame when burned. 
However, no green color was observed.
Reaction conditions were modified by increasing the amount of activated 
boronic acid in solution, changing the rate of addition of TEOS, changing the 
temperature, and/or changing the ammonia concentration. Unfortunately, none 
of these changes altered the final product. We explain this result by the 
structural differences between a xero-gel like product and a solid particle product. 
During an acid catalyzed sol-gel process, silica nuclei crosslink with each other, 
trapping reagents within the silica network. However, in a synthesis involving a 
base-catalyzed condensation, a nonporous structure is formed and no trapping 
occurs. Since the products formed during a base catalyzed method tend to be 
anionic in nature, there is a high degree of repulsion between the growing 
species. Thus, particle growth results from monomer addition to growing nuclei 
to yield a highly condensed network work as opposed to the porous network of 
an acid catalyzed gelation. Thus, it seems likely that only the pure silica particles 
are formed.32
2.3.2 Boron-containing trialkoxysilane
After the unsuccessful attempts to use a modified Stober method to enrich 
a silica particle with boron, we decided to use a relatively knew and lesser-known 
method of synthesis. This method involves using an organically modified 
trialkoxysilane instead of TEOS as the sole silica source.33,34 We were interested
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in a trialkoxysilane precursor containing a boron moiety. If successful, every 
silica monomer throughout the particle would also contain a bound boron atom, 
thus impregnating the particle with a large amount of boron. However, there are 
also several drawbacks to this method. As previously stated, the trialkoxysilane 
particle formation methodology is relatively underdeveloped. As such, there was 
no clear indicator as to what precursor would be best to use. Additionally, it was 
unclear as to what effects using a trialkoxy-precursor might have on the surface 
chemistry of the resulting particles.
We decided to use the product of olefin metathesis of an allylboronic acid 
pinacol ester and a vinyl-triethoxysilane as it involved an already established 
synthesis. The synthesis of this compound was by no means facile, as it could 
take up to two days at reflux to form. However, the more significant problem, and 
one that would be seen throughout the studies in the generation of boron- 
containing trialkoxysilane precursors, was purification. Because the material has 
three alkoxy groups that are inherently reactive, purification could be problematic. 
First, they react with water leading to polymerization. Additionally, purification 
through standard chromatography techniques also proved difficult at times. 
Packed silica gel used in chromatography contains surface silanols. This means 
that it is possible for our material to covalently bind to these silanols and become 
trapped on the column.
Fortunately, we were able to prepare the desired precursor in quantities 
sufficient to attempt the preparation of the corresponding boron-containing silica 
nanoparticles. We used a seed growth method that utilized a silicate solution to
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provide starting nuclei for silica nanoparticle growth. Conditions employed were 
similar to the Stober method (use of NH4OH as a catalyst in an 
ethanolic/aqueous solution) with some slight variations. Upon subjecting our new 
boron-containing precursor to this growth method, a white precipitate formed in 
solution. After washing and drying of the product as previously discussed, SEM 
images were recorded to examine the size and shape of the resulting particles.
The SEM images were encouraging (Figure 2.2). The particles were 
spherical, had relatively high monodispersities, and were below 200 nm in 
diameter. The IR spectrum was next recorded to check if a boron signal could be 
observed for the nanoparticles (Figure 2.3). Vinyl-containing particles were also 
synthesized to act as a reference for the boron-enriched particles. In the IR 
spectrum of vinyl-containing particles, there were several important features. 
First is the “silica” region from ~1000-1130 cm-1, which represents the Si-O 
asymmetric stretches common in a silica particle. At 1411 cm-1, one can see the 
peaks from the Si-C stretch, while at 1279 cm-1, the Si-O asymmetric deformation 
can be observed. At 1604 cm-1, the C=C peak can be clearly observed. Finally, 
one can see the C-H region between 2800-3100 cm-1, and what seems to be a 
weak -O H stretch at 3436 cm-1. Comparing this to the boron-containing sample, 
many similar features can be observed. For example, there is a significant 
“silica” region in the same area as in the vinyl-containing particles. Additionally, 
there are peaks in the C-H region ranging from 2800-3100 cm-1, which is more 
complex compared to the vinyl-containing particles. However, there were also 
some significant changes found in the IR spectrum of boron-containing particles.
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The new band found at 1635 cm-1 is similar to that of a C=C found in the starting 
material after metathesis of the allyl-boron and vinyl species. Particularly 
interesting were the bands at 1400 cm-1 and 787 cm-1. As previously discussed, 
the peak at ~1400 cm-1 is common for a B-O stretching vibration while the band 
found at 787 cm-1 could be either a O-B-O stretch or B-C stretch. Overall, these 
data were very encouraging. We were able to reproducibly synthesize particles 
of uniform size and shape, with a distinct IR spectrum.
The final form of characterization was elemental analysis via Inductively 
Coupled Plasma Spectroscopy. Unfortunately, elemental analysis of the 
nanoparticles did not provide the expected calculated values and did not provide 
evidence of boron incorporation. In the expected structure, boron should have 
accounted for ~4.6% of the weight, and would have risen to ~8% if the carbon 
portion bound to the boron was cleaved. One could argue that silica content 
could be somewhat higher than expected due to using the silica seeds, but that 
does account for the observed small amounts of both carbon and boron. We 
speculate that the boron moiety decomposed under the Stober conditions, which 
would explain the elemental analysis results. However, it is likely that some of 
the starting material participated in the condensation (estimated to account for 
1/25 monomer units) which may explain the IR spectra observations.
To further compound the difficulties in generating a boron-containing silica 
particles, many issues in the preparation of boron-containing starting materials 
arose. We attempted to prepare a number of new precursors for particle 
synthesis (see Appendix). However, purification of these compounds was
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difficult, often leading to low yields of impure products. Furthermore, when the 
new starting materials were isolated, they did not produce nanoparticles. Often, 
the only material recovered was from the silicate seed source, which was 
confirmed using IR spectroscopy. Thus, we concluded that the proposed boron- 
containing precursors were not compatible with the condensation conditions. 
Furthermore, boron-containing trialkoxysilane sources are difficult to synthesize 
and purify. Thus, we shifted our focus to the internal modification of pre­
synthesized particles.
2.3.3 Internal functionalization of vinyl-containing particles
We decided to perform hydroboration inside vinyl-containing ORMOSIL 
nanoparticles. The benefit of this approach is that the particles are already 
formed with controlled sizes. However, this type of particle functionalization had 
never been reported. A vinyl-containing precursor was chosen as we were able 
to synthesize well-defined particles using this starting material. An SEM image of 
the vinyl-ORMOSIL particles is shown in Figure 2.4.
2.3.4 Bromination of vinyl ORMOSIL nanoparticles
The bromination of 237 ± 24 nm vinylsilsesquioxane nanoparticles has 
been performed using the conditions typical for double bond halogenations.35 
The SEM images of vinylsilsesquioxane and of the corresponding brominated 
nanoparticles are shown in Figure 2.4. There seems to be little difference 
between the two particle sizes, as the diameter of the brominated nanoparticles
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was determined by SEM to be 232 ± 29 nm. There appears to be some 
agglomeration of the brominated particles, but this may be attributed to the 
sample preparation. Indeed, the unmodified particles were suspended in water, 
while the brominated particles were suspended in acetonitrile. The latter 
disperse very well in acetonitrile, thus leading to a high particle concentration in 
solution and a thick layer of the particles on the silicon wafer.
The IR spectra of the brominated particles (Figure 2.5) offered the initial 
insight into the chemical changes that took place inside the vinylsilisesquioxane 
particles. The stretch found at 960 cm-1 for the vinylsilsesquioxane particles36 
disappeared while the stretch at 1602 cm-1 was greatly reduced in intensity, 
suggesting that the double bonds have largely reacted. New bands at 874 and 
650 cm-1 found for the brominated nanoparticles are within the range 
characteristic of the C-Br stretch. There is also a splitting of the 760 cm-1 band, 
which could result from an overlap with a C-Br stretch.
The TGA data gathered for the brominated vinylsilsesquioxane 
nanoparticles show a significant change compared to the unmodified 
vinylsilsesquioxane nanoparticles (Figure 2.6). The brominated particles show a 
very significant weight loss around 400 °C, which can be attributed to the 
presence of the heavy bromine atoms. Indeed, the monomer unit of the 
vinylsilsesquioxane particle is SiO3/2C2H3 with molecular weight of 79.1 g-mol-1. 
Since each addition to the double bond introduces two bromine atoms at a 
molecular weight of 79.9 g-mol-1 each, the molecular weight of each monomer 
triples. This weight change is clearly observed in the TGA data when comparing
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the vinylsilsesquioxane particles with weight loss of ~9% to the brominated 
particles with weight loss of ~60%. Assuming the additional weight loss of the 
brominated particles originates only from the bromine, the data suggest that 
nearly all of the vinyl groups in the particle have been reacted. This result is in 
good agreement with the elemental analysis which reveals that the particles 
contain 59.85..% bromine by weight. Compared to the maximum of 66 wt%, this 
suggests that ca. 90% of the double bonds have been brominated. Examining 
the bromine/carbon ratio leads to a similar conclusion. The maximum theoretical 
bromine-to-carbon weight ratio for the nanoparticles is 6.6, assuming that every 
vinyl group has been brominated. The average Br:C ratio obtained by the 
elemental analysis is 6.83, and is in good agreement with the theoretical 
calculation and TGA results. Silica and carbon contents are also within a few 
percent of the values calculated, assuming full incorporation of bromine.
2.3.4.1 Boron-containing ORMOSILs. The incorporation of boron into the 
nanoparticles has been performed using the standard hydroboration conditions.35 
The SEM images of the boronated particles (Figure 2.4) show little difference 
compared to the vinylsilsesquioxane particles (Figure 2.4), as the diameter of the 
former was determined by SEM to be 234 ± 23 nm. The inner pores of the 
boronated vinylsilsesquioxane nanoparticles were observed using TEM (Figure 
2.7). The numerous small nanopores found within the unmodified particles 
became more difficult to observe after the boronation, suggesting that the pores 
are closing due to the functionalization.
47
The first compelling evidence that the hydroboration took place came from 
the changes in the IR spectrum of the boronated particles (Figure 2.8). The once 
very sharp and well-defined band found for the vinylsilisesquioxane particles at 
1410 cm-1, which is characteristic of the Si-C bonds, has been considerably 
broadened and became more intense, indicating the presence of the B-O 
vibration.36 There is also a new band at 1712 cm-1 which is characteristic of the 
C-B-C stretch. The broad band centered around 3400 cm-1 suggests that the 
initially formed free hydrides of the borohydride have been converted to hydroxyl 
groups. There is also a considerable broadening around 770 cm-1, which 
suggests the presence of O-B-O and/or B-C stretch.
The boronated nanoparticles also showed a significant change in TGA 
(Figure 2.9) compared to that of the vinylsilsesquioxane nanoparticles. However, 
it is important to note that the nature of the boron within the particles is somewhat 
ambiguous, which makes interpreting the TGA and elemental analysis data more 
complicated. It is unlikely that all of the boron atoms within the particles exist as 
a single boron atom covalently bound to a single carbon atom. It is more likely 
that some of the boron atoms form cross-linked divalent or trivalent species. 
Also, the borohydrides that are bound to less than three carbons are likely to be 
converted to boronic acid groups. This can add considerable weight to the 
particles, complicating the interpretation of both TGA data and elemental 
analysis. To establish the degree of hydroboration, the observed carbon and 
boron weight percent can be compared to that for SiC2H6BO7/2, a monomer 
where every vinyl group has been hydroborated once. For this monomer unit, the
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boron/carbon weight ratio is 0.45. The actual elemental analysis data give an 
average boron/carbon ratio of 0.22. Thus, comparing the experimental and 
theoretical data suggests that ca. one boron atom is attached per two vinyl 
groups. This method of estimating the boron content does not provide the exact 
chemical structure of the boronated species (singly boronated vs. cross-linked) 
but shows that there is a high degree of boronation of the nanoparticles.
For the TGA data (Figure 2.9), a weight loss averaging 21.3% for the 
boronated samples compared to ca. 9% weight loss for the unmodified 
vinylsilsesquioxane nanoparticles is observed, giving 12.3 wt% loss 
corresponding to the boron species. If each of the boron atoms in the 
nanoparticle was bound to a single vinyl group and carried two hydroxyl groups, 
each monomer unit would increase in weight from 79 to 122 g-mol-1. Using the 
estimated above boron-to-vinyl group ratio of 1:2, the average new monomer 
weight would be 100.5 g-mol-1 and the corresponding boron species content 
would be 21.4 wt%. The difference between the predicted and the observed 
weight percent for the boron species is likely due to some of the boron atoms 
being bound to more than one vinyl group, thus carrying fewer hydroxyl groups. 
The weight loss of the boronated particles is less dramatic and more gradual 
than that of the brominated particles. This may stem from a more gradual 
breakdown of the diverse species inside the boronated nanoparticles. For 
example, singly bound boron species may decompose at a different rate than a 
di- or trisubstituted boron species. Overall, these observations offer yet another
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indication of how accessible the vinyl groups inside the nanoparticles are to 
functionalization.
We estimated the number of boron atoms in a single 237 nm organosilica 
nanoparticle using straightforward considerations. Assuming that the particle is 
comprised entirely of vinylsiloxane (which is a fair assumption given the molar 
ratio of the vinylsiloxane precursor to seed source of about 100:1), the volume of 
the sphere has been used to calculate the total number of vinyl groups available 
for the functionalization. Assuming that one half of the vinyl groups became 
boronated and estimating the density of the nanoparticle as 2 g/cm3, this number 
of boron atoms per nanoparticle is ca. 5 x 107, which is within the range suitable 
for BNCT,10 as discussed above.
Finally, we studied the boronated particles using CP-MAS 11B NMR 
(Figure 2.10). There is no signal for boric acid (19.8 ppm) or borohydride (-1.1 
ppm) in the spectrum, which confirms that all excess borohydride and the 
oxidized borohydride has been fully removed from the particles. The two peaks 
found for the boronated particles are both within the range of the R-B(OH)2 and 
R-BH-R region. Unfortunately, a more precise peak assignment is not possible 
since boron can exist in several different forms inside the particles, as discussed 
above.
2.3.5 Surface modification of boron-containing nanoparticles
The ability to modify the surface of internally functionalized 
vinylsilsesquioxane nanoparticles is important for several reasons. Such
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modifications would allow controlling the wettability of the particles, and would 
allow attaching a variety of moieties to the nanoparticle surface, ranging from 
fluorescent dyes to polymers to biological ligands.
A commonly used method for silica surface modification is amination.23 
We demonstrated the feasibility of the amination using a UV-active species. 
Dansyl chloride by itself does not fluoresce, but when coupled to an amine, will 
produce a sulfonamide moiety that fluoresces with a bright blue/green color. 
Thus, brominated and boronated nanoparticles were aminated using APTES. 
Both aminated and nonaminated nanoparticles were than treated with dansyl 
chloride. We found that only the amine-modified nanoparticles became 
fluorescent (Figure 2.11). This result indicates that the surface of the brominated 
and boronated vinylsilsesquioxane nanoparticles can indeed be aminated 
allowing further surface modifications, as discussed above.
2.4 Conclusions
In this study, we have successfully synthesized a boron-rich silica 
nanoparticle. Our initial efforts involved the synthesis using the Stober method 
and an activated boronic acid species. However, co-condensation of TEOS and 
boronic acid species did not occur. We next attempted the condensation of 
trialkoxysilanes containing covalently bound boron moieties. However, they were 
difficult to synthesize and unstable, and did not provide the desired 
nanoparticles. Vinylsilsesquioxane nanoparticles, prepared using a modified 
Stober method, have been successfully enriched with boron and bromine and
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surface aminated following the enrichment. Our results demonstrate that the 
vinyl groups inside the nanoparticles are highly accessible for functionalization. 
The described internal functionalization method provides a new way for catalyst 
incorporation into silica nanoparticles, for their use as molecular sponges or in 
molecular recognition experiments, and for the preparation of nanoparticles that 














Scheme 2.1: Depiction of a 10B nucleus neutron capture.
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Scheme 2.2: Attempted synthesis of borosilicate particles via activated boronic
acid
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Scheme 2.3: Olefin metathesis of vinyltriethoxysilane and allylboronic acid
pinacol ester
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Scheme 2.5: Bromination of vinyl-containing ORMOSIL particles.
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Scheme 2.8: Dansylation of amine-modified ORMOSIL particles
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Scheme 2.9: Anticipated condensation reactions with TEOS.
Figure 2.1: IR of proposed borosilicate particles.
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Figure 2.2: SEM image of particles formed with the pinacol borane vinyl silane
metathesis. Scale bar is 2 |jm.
Figure 2.3: IR overlay of vinyl-containing particles and boron-rich particles.
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Figure 2.4: SEM images of vinyl (top), brominated (middle), and hydroborated 
(bottom) ORMOSIL products. Scale bars are 2.5 |jm, 10 |jm, and 5 |jm.




Figure 2.7: HR-TEM images of (A) unmodified, (B) brominated, and (C) 
boronated vinylsilsesquioxane nanoparticles. Scale bars are 10 nm.
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Figure 2.10: CP-MAS 10B NMR spectrum of the boronated vinyl-silane particles. 
*Spinning artifacts are marked with asterisks.
Figure 2.11: Picture of dansylated particles irradiated with long wave UV light.
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CHAPTER 3
SYNTHESIS AND INTERNAL FUNCTIONALIZATION OF 
NEW ORGANICALLY MODIFIED SILICA 
PARTICLE TYPES
3.1 Introduction
Our success in internal bromination and boronation of vinylsilisesquioxane 
nanoparticles led us to become interested in studying functional ORMOSIL 
nanoparticles and their internal modification. Organically modified silica 
(ORMOSIL) materials have been a growing field in materials chemistry since the 
discovery of the Stober method1 for the preparation of well-defined silica colloids. 
The Stober silica particles are synthesized by the condensation of 
tetraorthosilicate (TEOS) in an aqueous/ethanolic media catalyzed by ammonium 
hydroxide. Under these conditions, TEOS hydrolyzes and cross-links to form 
spherical particles with sizes that can be easily tuned by altering the amount of 
ammonia.1,2 These particles contain predominantly Si-O-Si bonds while their 
surfaces are covered with silanols (Si-OH) that can be further functionalized. 
Silica particles containing internal organic groups possess novel interesting 
properties,3,4 and thus constitute an attractive synthetic target. One way to 
incorporate organic groups in silica nanoparticles, i.e., to prepare ORMOSIL
particles, is to use the co-condensation of TEOS and of a 
trialkoxyorganosilanes.5 This method yields somewhat porous products 
incorporating organic functionalities, while maintaining control over the size and 
morphology of the final product. For example, particles with strong fluorescence 
have been synthesized by the co-condensation of a fluorescein-bound (3- 
aminopropyl)triethoxysilane and TEOS under Stober-like conditions.6,7 Silica 
particles can also be synthesized via co-condensation of TEOS and 
trialkoxyorganosilanes in the presence of a surfactant, providing varying degrees 
of porosity, and various shapes and morphologies depending on the nature of the 
surfactant and the organosilane.8,9,10
However, the above methods provide only a small degree of organic 
group incorporation. To solve this problem, ORMOSIL particles would have to be 
synthesized via condensation of an organosilane as a sole silica source. 
Arkhireeva and coworkers developed two methods that produced several 
hydrophobic ORMOSIL products (alkane, vinyl, phenyl). They were able to 
achieve this by using a micelle-mediated method or by seeding small SiO2 
nanoparticles to control the particle formation.11,12 Other organic functional 
groups, such as thiol, phenyl-amine, and drug carry products, have also been 
incorporated, but require a variety of different conditions to produce.
In the previous chapter, we reported13 internal bromination and boronation 
of vinyl-containing ORMOSIL particles11 leading to materials with potential 
applications in boron neutron capture therapy. We demonstrated high degrees of 
internal modification and showed that these materials can be further surface-
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modified. Given the promising behavior of these nanoparticles and their potential 
applications, we wished to examine other ORMOSIL particles containing internal 
reactive functional groups that could be modified, such as allyl, mercapto, cyano, 
and isocyanato groups. Our goal was to develop a general synthetic protocol 
that would easily yield functional ORMOSIL nanoparticles. Additionally, we 
wanted to examine the reactivity of the organic groups present throughout the 
particle body. If successful, we would expect two important outcomes: (1) the 
ability to produce various ORMOSIL particle types from a single particle source 
and (2) the ability to bind guest species inside the particles. Applications for such 
nanoparticles include drug delivery and imaging,14 chemical clean-up,15,16 and 
separations17. In this chapter, we describe the method we developed for the 
preparation of ORMOSIL particles and compare our method to other methods 
defined in the literature. We also describe our methods used to modify the 
organic functionalities of the new ORMOSIL particles.
3.2 Experimental Section
3.2.1 General
All water-sensitive reactions were conducted under a dry nitrogen 
atmosphere using oven-dried glassware and anhydrous solvents. Hydroscopic 
liquids were transferred into reaction vessels via syringe through a rubber septa.
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3.2.2 Reagents
All solvents were obtained from Mallinckrodt Baker or Fisher Scientific as 
reagent grade, except for hexanes and ethyl acetate that were of technical grade. 
THF was dried by distillation over sodium benzophenone ketyl under nitrogen; 
dichloromethane was dried by distillation over calcium hydride under nitrogen. 
Toluene was dried over 4-A molecular sieves. All other solvents were used 
without further purification. The following reagents were all used without further 
purification: tetraethylorthosilicate (+99.999, Alfa Aesar), butenyltriethoxysilane 
(Gelest), Vinyltrimethoxysilane (Gelest), allyltrimethoxysilane (Gelest), 2- 
cyanoethylltrimethoxysilane (Gelest), 3-cyanopropyltriethoxysilane (Gelest), 3- 
iso-cyanatopropyltrimethoxysilane (Gelest), 3-mercaptropropyltriethoxylsilane 
(Gelest) sodium hydroxide (Mallinchrodt), bromine(99.5%) (Mallinckrodt 
Chemicals) thionyl chloride(>99%, Aldrich) hydrogen peroxide( 30%) (Aldrich), 
dansyl chloride (>99%, Fluka) and lithium aluminum hydride (97%, AlfaAesar), 
2,6-lutidine (99%, Aldrich) silicate solution (27% SiO2, ~14% NaOH, Aldrich).
3.2.3 Instrumentation
IR spectra were recorded from 400 to 4000 cm-1 using a Bruker Tensor 37 
IR Spectrophotometer in KBr pellets. Scanning electron microscopy (SEM) 
images were obtained using a Hitachi S3000N instrument at an accelerating 
voltage between 20-25 kV. Thermogravimetric Analysis (TGA) measurements 
were performed using a TA Instruments TGA 2950 Thermogravimetric Analyzer 
in an open platinum pan. All drop-wise additions were made using a Razel
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Syringe pump model A-99 with a 5mL syringe at an addition rate of about 3.8 
mL/hr. A Branson 1510 sonicator was used for all sonications
3.2.4 Synthesis
3.2.4.1 Attempted synthesis of alkene-containing ORMOSIL particles via 
seeding method (Scheme 3.1).11 An example procedure used to synthesize vinyl 
ORMOSILs is described. Allyl and butenyl precursors can be substituted for the 
vinyl precursor. Absolute ethanol (6.30 mL) and ammonium hydroxide (8.40 mL,) 
were placed into a round-bottom flask and vigorously stirred. To this solution, 
0.84 mL (4 mmol) of triethoxyvinylsilane were carefully added in a single portion. 
In a scintillation vial, 0.25 mL of a 2.2% SiO2 solution was added to absolute 
ethanol (12.50 mL). The vial was swirled and briefly sonicated to disperse the 
solution evenly. This seed solution was added in single portion shortly after the 
addition of the vinylsiloxane. The reaction flask was then sealed. The solution 
was stirred overnight, during which time a white precipitate formed. Following 
sonication, the precipitate was collected by centrifugation and washed several 
times with water and ethanol to remove ammonia and unreacted 
triethoxyvinylsilane. SEM images were obtained to determine particle size and 
shape.
3.2.4.2 Synthesis of alkene-containing ORMOSILs via an emulsion- 
mediated synthesis (Scheme 3.2).10 A sample procedure used to synthesize 
vinyl ORMOSILs is described. Allyl and butenyl precursors can be substituted for 
the vinyl precursor. Sodium hydroxide (5 mL, 0.028 M) was added to a round-
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bottom flask. Benzethonium chloride (0.031 g, 0.07 mmol) was added to the 
sodium hydroxide solution and stirred for 30 min. to equilibrate the emulsion. 
Vinyltrimethoxysilane (5.7 mL, 37 mmol) was added to the flask by syringe pump 
at a rate of 20 mL/hr for ~15 min. The solution was continuously stirred during 
the addition. The walls were scrapped with a spatula to keep the increasingly 
thick solution homogeneous. After 4 h. of stirring, the white suspension was 
dispersed in absolute ethanol and collected via centrifugation. The white 
precipitate was washed with 1:1 mixtures of ethanol and water and dried to yield 
a fine white powder. SEM images were obtained to determine particle size and 
shape if possible.
3.2.4.3 Attempted synthesis of alkene-containing ORMOSIL particles via 
Stober-like conditions (Scheme 3.3).1 A sample procedure used to synthesize 
vinyl ORMOSILs is described. Allyl and butenyl precursors can be substituted for 
the vinyl precursor. Vinyltriethoxysilane (0.7 mL, 3.31 mmol), Millipore water 
(3.07 mL, 0.17 mol), and absolute ethanol (7.8 mL) were added to a round- 
bottom flask. Ammonia hydroxide (30%, 1.87 mL) was next added to the flask 
and the contents were stirred. The calculated molarities of the reagents were as 
follows: Vinyltriethoxysilane 0.24 M, NH4OH 1.03 M, H2O 18.0 M. The solution 
became slightly opaque after 30 min. of stirring. The following day, the products 
were collected via centrifugation and washed several times with water and 
ethanol to remove ammonia hydroxide and unreacted vinyltriethoxysilane. SEM 
images were obtained to determine particle size and shape if possible.
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3.2.4.4 General method for the synthesis of ORMOSIL particles (Scheme
3.4). A sample procedure used to synthesize vinyl containing ORMOSIL 
particles is described. More detailed information on synthesis of the other 
ORMOSIL particles using similar conditions can be found in Table 3.1. To a 
round-bottom flask, sodium hydroxide (1.6 mL, 1.1 M) was added. Absolute 
ethanol (20 mL) and Millipore water (20 mL) was added to the flask and the 
contents were stirred. Vinyltrimethoxysilane (1.0 mL, 6.5 mmol) was added via a 
syringe pump at a rate of 3.8mL/h. for ~15 min. Shortly after the addition of the 
vinyltrimethoxysilane precursor, the solution became turbid, eventually becoming 
an opaque white. The solution was stirred overnight and the white precipitate 
was collected the next day via centrifugation. The white product was washed 
several times with absolute ethanol and with a 1:1 mixture of ethanol :water. The 
product was dried overnight under a stream of air to yield a fine white powder. 
SEM images of the powder were obtained to determine particle size and shape. 
IR samples were prepared by crushing a small amount of the particles with KBr 
and pressing a tablet in a die set. TGA data were obtained for a neat sample of 
the dried particles.
3.2.4.5 Bromination of vinyl- and ally-containing ORMOSIL particles 
(Scheme 3.5). Alkene-containing nanoparticles (50 mg) prepared as described 
above were dispersed in 12 mL of chloroform in a round-bottom flask and briefly 
sonicated. Approximately four equivalents of Br2 (~0.3 mL) were added directly 
to the particle suspension and the flask was sealed. The solution turned a dark 
red/orange color. The solution was occasionally shaken and sonicated to assure
75
homogeneity of the suspension. As alkene functionalities underwent 
functionalization, the particles began to settle out of solution rapidly, likely due to 
a dramatic increase in density. The solution was allowed to sit overnight. The 
following day, the product was collected by centrifugation and washed with 
CHCl3 until a clear decantate was observed. The particles were than washed 
three more times to assure complete removal of elemental bromine. The white 
product was dried over air to yield a fine white powder. TGA, IR, and SEM were 
obtained as previously described.
3.2.4.6 Reduction of ethylcyano- and propylcyano-containing particles 
(Scheme 3.6). Cyano-containing nanoparticles (50 mg) prepared as described 
were dispersed in 15 mL of THF in a 20 mL scintillation vial with a stir bar. The 
particle solution was dispersed by stirring and sonication. A 10-equivalent 
excess of LiAlH4 was carefully added to the particle slurry as a powder. The 
slurry turned grey from the LiAlH4. The vial was briefly purged with nitrogen, 
capped, and sealed with Teflon tape. After stirring overnight, the smooth particle 
suspension was carefully quenched with 6 M HCl. Upon addition of the HCl, H2 
gas was rapidly generated. Additional HCl was added to bring the volume up to 
~25 mL and allowed to stir overnight. Note: Stirring overnight was important as it 
fully dissolves the aluminum hydroxide residues. If this is not done, the 
gelatinous residues left behind from the quenching process are collected with the 
particles during centrifugation. We have not found a way to separate the 
particles from the gelatinous precipitate. However, the acid does not seem to 
degrade the particles in anyway. The particles were collected by centrifugation
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and washed with copious amounts of water. A fine white powder is obtained. 
TGA, IR, and SEM were obtained as previously described.
3.2.4.7 Dansylation of the aminated ORMOSIL particles (Scheme 3.7).18 
The reduced cyno-containing ORMOSIL particles (25 mg) were dispersed in 10 
mL acetonitrile in a vial and sonicated. The vial was wrapped in aluminum foil 
and 10 mg of dansyl chloride were added followed by a few drops of 2,6,- 
lutidene. The solution was stirred overnight. The resulting precipitate was 
collected by centrifugation and washed with water and ethanol. An identical 
reaction was performed for nonreduced cyano-containing particles as a standard. 
Under UV light, dansylated nanoparticles from the reduced cyano-containing 
nanoparticles fluoresced bright green/blue, while the dansylated nonreduced 
cyano-containing nanoparticles did not fluoresce.
3.2.4.8 Oxidative chlorination of thiol-containing particles (Scheme 3.8).19 
Dry acetonitrile (10 mL) was placed in a scintillation vial. H2O2 solution (0.24 mL) 
was added to acetonitrile, followed by a careful drop-wise addition of 0.056 mL of 
thionyl chloride. After the solution cooled down to room temperature, 50 mg of 
thiol-containing nanoparticles prepared as described above were added. The 
final molecular ratios of H2O2:SOCl2:particles was 6:2:1. The suspension was 
briefly sonicated and stirred for 4 h. The particles where collected via 
centrifugation and washed with acetonitrile. An off-white powder was collected 
and dried. Some of the precipitate became glassy after drying, presumably due 
to partial gelling. TGA, IR, and SEM were obtained as described above.
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3.3 Results and Discussion
3.3.1 Particle synthesis using methods found in the literature
Our attempts to synthesize new ORMOSIL particles with reactive organic 
functional groups using previously published methods1,10,11 were unsuccessful. 
We first attempted to synthesize vinyl-containing OMROSILs using the seeded 
method we successfully used in previous experiments (see Chapter 1). 
However, the SEM images obtained from the vinyl-containing products showed 
that the particles aggregated and were no longer uniform in size and shape 
(Figures 3.1 and 3.2). Allyltrimethoxysilane and butenyltriethoxysilane were also 
used in an attempt to generate new alkene-rich ORMOSILs using the same 
seeded growth method. However, products were either sticky residues or 
rubbery films and showed no sign of individual particle growth. We hypothesize 
that the change in particle shape and morphology was due to the new silicate 
seed solution that was used to induce particle growth. The manufacturer of the 
silicate solution (Sigma-Aldrich) increased the concentration of sodium hydroxide 
used to stabilize the solution. The increased sodium hydroxide could alter the 
reaction rate of the condensation reaction and as a result change the particles’ 
size and shape.
We next decided to use an emulsion-mediated method to synthesize our 
products (Scheme 3.2).10 In an emulsion-mediated method, a surfactant is 
stirred in solution in order to generate micelles. When the silane precursor is 
mixed into the micellar solution, the silane enters the core of the micelle and will 
undergo condensation to form particles. The size of the particle is determined by
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the size of the micelle. Smaller micelles yield smaller particles and larger 
micelles yield larger particles. In the literature, this method was used to 
successfully synthesize a variety of hydrophobic ORMOSIL particles, including 
vinyl, ethyl, and benzyl, while maintaining control of the diameters of product.10 
However, our attempts to synthesize alkene-containing ORMOSILs using the 
emulsion method were unsuccessful. The SEM images obtained for the vinyl- 
containing products revealed materials that were fully aggregated, partially 
aggregated, and nonaggregated particles within a single product (Figures 3.3 
and 3.4).
Unfortunately, the nonaggregated products were observed in small 
quantities. Allyltrimethoxysilane and butenyltriethoxysilane were also used in the 
emulsion method. However, phase separation occurred between the aqueous 
solution and the silane precursor, suggesting the silane was poorly solvated. In 
the event a product was collected from allyl and butenyl solutions, the products 
were typically sticky and viscous. It was clear that the method was unfit for the 
synthesis of OMROSILs containing longer alkenes. However, it remains unclear 
why the emulsion method was unsuccessful for the vinyl precursor. It may have 
been due to the discrepancies between the published methods.10,20
Finally, the Stober method was used to synthesize the vinyl-, allyl-, and 
butenyl-containing ORMOSILs by substitution of tetraethylorthosilicate with the 
alkene-containing starting materials (Scheme 3.3). However, the Stober method 
did not generate a colloidal product. Sticky residues and rubbery materials much
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like those seen in the previously discussed experiments were the only 
observable products. While this method formed pure silica nanoparticles if 
tetraethylorthosilicate was used, simple substitution of the silica precursor was 
inadequate to generate the desired ORMOSIL products.
After we were unsuccessful in generating new ORMOSIL products utilizing 
literary methods, we realized the literature was too specialized to generate our 
materials. It was at this point where we began developing our own unique 
method to generate the products previous methods failed to form.
3.3.2 Particle synthesis utilizing a new method
As we began to test different reaction conditions to generate ORMOSIL 
products using our own method, we observed early on that water and ethanol 
content and ratio play an important role in the outcome of the ORMOSIL particle 
products. We found three factors that require consideration when optimizing 
these reaction conditions: (i) the amount of ethanol necessary for the starting 
material dissolution in water; (ii) the amount of water necessary to achieve 
efficient starting material hydrolysis; (iii) the overall amount of the solvent 
necessary to avoid aggregation.
3.3.3 Effects of ethanol and water on particle formation
Ethanol plays an important role in helping to dissolve the silica precursors 
and thus facilitate the condensation process. If ethanol is not added, a phase 
separation of the starting material and water may result. Additionally, if the
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ethanol content is too low, significant aggregation may be observed. The ethanol 
concentration was chosen such that homogeneous reaction mixtures were 
initially formed and nonaggregated suspensions persisted until the products were 
collected. For example, allyl- and vinyl-containing particles became largely 
aggregated in water. We hypothesized the particles were strongly hydrophobic 
and thus poorly solvated by water. Therefore, we increased the ethanol 
concentration incrementally and were able to obtain a homogeneous suspension 
in 1:1 mixture of ethanol/water (Table 3.1). Similarly, the mercaptopropyl- 
containing particles benefited from additional ethanol in terms of stability and 
homogeneity of the products. Both of the cyano-containing particles did not 
require a substantial addition of ethanol as the suspensions remained stable and 
agglomeration did not occur. Isocyanatopropyl-containing particles had to be 
prepared in pure ethanol because any addition of water beyond that present in 
NaOH led to gelation of the solution.
Water also plays an important role in the formation of these nanoparticles. 
If the water content is too low, hydrolysis is slow, and particle formation is either 
very slow or absent altogether. On the other hand, if water content is too high, 
the particles cannot be efficiently suspended in solution and significant 
aggregation may occur. For example, both of the cyano-containing particles 
formed in small quantities without the addition of water, but as the water 
concentration was incrementally increased, so did the amount of the particles 
that was collected. However, for particles that tend to aggregate in solution, high 
water concentrations were detrimental. Therefore, with particularly hydrophobic
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particles, larger additions of ethanol were required to assure suspension of the 
product. The required water addition was tested by adding small aliquots of 
water to the reaction mixtures. When a homogeneous reaction mixture that 
rapidly became cloudy was obtained, the reaction conditions were considered 
acceptable.
The accepted ethanol and water amounts for the synthesis of each 
particle type are summarized in Table 3.1. It is possible that ethanol and water 
content and ratio could affect the size and shape of the final products as well, but 
in the present work, we decided to use our water:ethanol conditions and explore 
how the sodium hydroxide concentration affects the resulting materials. The 
relationship between the ethanol and water content and the particle size and 
shape will be studied at a later date.
3.3.4 Sodium hydroxide effect on particle sizes
In order to optimize the quantity of sodium hydroxide added, we started 
with the preparation of allyl-containing particles using low NaOH concentrations 
ranging from 0.03-0.1 M, as has been commonly used.11 At these concentrations 
gel-like products were obtained. We hypothesized that at low NaOH 
concentrations, longer silica chains are formed due to few nuclei in solution, and 
thus gels are formed more readily. Conversely, if NaOH concentrations were too 
high (3-5 M), no particle formation was observed. We hypothesized that if the 
base concentration is too high, the silica precursor may rapidly ionize such that 
cross-linking would not occur due to electrostatic repulsion and lack of monomer
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for nuclei growth. Additionally, we hypothesized that if the NaOH concentration 
is too high, etching and particle dissolution may occur. This led us to the more 
effective NaOH concentrations, 0.5-1.5 M, that were useful for all of the novel 
ORMOSIL particles reported herein.
In addition to controlling the formation of the nanoparticles, sodium 
hydroxide concentration affects the particle size within the 0.5-1.5 M range of 
concentration. The particle diameters as a function of NaOH concentration are 
given in Table 3.2. Increasing the concentration of NaOH typically yields 
particles that are smaller in diameter, and vice versa. This may be explained by 
assuming that at lower concentration of sodium hydroxide in solution, the 
particles grow larger as their surfaces carry a smaller negative charge, thus 
allowing them to ripen. It may also be due to the smaller number of activated 
nuclei formed in solution and generating fewer individual particles with larger 
diameters. Conversely, higher concentrations of NaOH in solution would 
generate a large population of growing nuclei and thus a large number of smaller 
particles. Additionally, partial etching of the products at higher concentrations of 
sodium hydroxide may also reduce the particle size.21
3.3.5 Nanoparticle size and morphology
As can be clearly seen in the SEM images (Figure 3.5), our conditions 
generate highly monodisperse, uniformly shaped, and spherical particles 
containing vinyl, allyl, thiol, cyanoethyl, and cyanopropyl functional groups. On 
the other hand, the thiol- and isocyanato-containing nanoparticles prepared at
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lower NaOH concentration were highly polydisperse with a large population of 
both large and small particles. The size and polydispersity of thiol-containing 
particles decreased as the base concentration increased. The iscocyanato 
product was particularly polydisperse and formed nonspherical particles (Figure
3.5) at lower NaOH concentrations, and even under the best conditions, particle 
size and shape were not as consistent as the other products described above.
Particles did not show a change in size and shape after additional 
modification. This suggests the particles are porous enough for additional 
modification while still maintaining their initial structural integrity. However, the 
conditions we described were not subject to heat or other harsh conditions, which 
may alter the integrity of the products. Thiol-containing particles did seem to 
agglomerate to some extent after the modification, but shape and size remained 
the same. This may be due to either partial gelling after modification or partial 
loss in structural integrity after addition of thionyl chloride.
Interestingly, the 3-cyanopropyltriethoxysilane precursor formed very 
different structures when higher concentrations of sodium hydroxide were used 
with slightly lower water concentrations. The particles changed from spherical 
and submicron in diameter at 0.8-1.2 M concentration of NaOH to highly textured 
and large (>10 |jm) particles at about 1.2 M concentration of NaOH (Figure 3.6). 
Presently, we are not certain why small changes in the amount of base in 
solution cause such a drastic change in shape. Indeed, to form silica structures 
with such an unusual shape typically requires a templating agent.22 These 
products are currently undergoing further investigation.
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3.3.6 Particle composition and reactivity: vinyl- and allyl- 
containing particles and products of their bromination
The products containing the vinyl and allyl functionalities throughout the 
particle bodies possessed many similarities. IR spectra on both of these 
products were collected and compared (Figures 3.7 and 3.8). The characteristic 
Si-O-Si absorptions at about 1130 cm-1 and 1030 cm-1 are typical of a silica- 
based particle and can be found in all of our product spectra. What we believe to 
be a series of C-H stretching vibrations can be found between 2800 cm-1 and 
3000 cm-1. Another characteristic peak can be found around 1250 cm-1. This 
vibration is likely that of a Si-C stretch and is also common amongst the 
products. Most notable of the vinyl- and allyl-containing particles is the strong 
absorption found near 1600 cm-1, representing the C=C stretching vibration and 
evidence of the preservation of the organic handle throughout our initial reaction 
conditions. Upon bromination, the IR spectrum of the products undergoes a 
considerable change. The strong absorbance found at 1600 cm-1 for both 
starting materials essentially disappears, suggesting loss of the double bond 
upon addition of the bromine. Additionally, there is a new peak found at ~850 
cm-1, which is in the range of a C-Br stretch.
TGA data (Figures 3.9 and 3.10) provided further insight into the degree of 
bromination of the C=C bond. Vinyl-containing particles showed ca. 8% weight 
loss. The allyl-containing particles showed a weight loss of 18 wt%. These 
values are smaller than expected (assuming complete combustion of the organic 
ligands and no additional reactivity in the TGA environment). Any lingering 
organic residues, ash, or incomplete combustion products will yield a lower
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weight loss. However, these data are consistent with our previous results for 
vinyl-containing particles prepared in a different manner, whose composition was 
confirmed by elemental analysis.16 Upon bromination, a significant weight loss 
is observed from both products. The brominated vinyl-containing particles lose 
56% of their weight, while the brominated allyl-containing particles lose 66% of 
their weight. If we assume the weight loss comes from only the bromine addition, 
we calculate a near quantitative conversion of the alkene functionality to the 
brominated product. Again, this is consistent with our previous work. These data 
clearly demonstrate the accessibility of the double bond found within the particle 
bodies, and that they are prone to additional modification.
3.3.7 Particle composition and reactivity: Cyano-containing 
nanoparticles and products of their reduction
Like the previously described alkene-containing products, the cyano- 
containing products shared many of the same characteristics. For example, the 
IR spectra collected had several distinct characteristics (Figures 3.11 and 3.12). 
The most important IR peak observed is the band found at ~2250 cm-1. This 
band represents the -C=N stretch, and confirms the preservation of the cyano- 
organic functionalities during initial particle synthesis. Reduction of the cyano 
groups results in expected changes in the IR spectrum. The two most notable 
changes include the reduced intensity of the -C=N stretch found at 2250 cm-1, 
suggesting that cyanos groups have been reduced to amine groups. 
Additionally, several new peaks are observed around ~1600-1700 cm-1. This is 
likely representative of the N-H bend and a partial reduction of the -C=N to
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-C=N-H. Additionally, there is increased signal intensity found in the 3400 cm-1 
region, which offers further evidence of the reduction chemistry.
TGA data were also collected on the cyno-containing particles and their 
reduced products. The cyanoethyl-containing particles lost ~30% of their weight 
while particles containing the slightly longer cyanopropyl functionality lost ~40% 
of their weight (Appendix A). The reduced nanoparticles showed little or no 
additional weight loss. Reduction chemistry adds very little molecular weight to 
the product, and as a result, TGA data were not useful in further characterizing 
these particles. However, we conducted a simple test that demonstrates the 
formation of amine groups upon reduction of cyano-containing nanoparticles. 
Dansyl chloride fluoresces brightly upon covalent attachment to an amine. As 
described above, the reduced cyano-containing particles and the unmodified 
cyano-containing particles were both exposed to dansylation conditions. Only 
the reduced product fluoresced (Figure 3.13). No signs of chemical leeching 
were observed. The nonreduced starting material showed no fluorescence. No 
significant change in IR or TGA was observed after the dansylation, even under 
conditions with higher concentrations of dansyl chloride. The dansyl chloride that 
covalently attached to the particle surface may have clogged the pores of the 
particle and thus prevented further functionalization. Thus, the absolute extent of 
reduction for cyano-containing nanoparticles is presently not determined. It 
appears that the 3-cyanopropyl particles undergo a higher degree of modification 
based on the IR spectra, where the cyano peak is more diminished and the 
amine peaks are amplified. These particles could be of considerable importance
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given the versatile reactivity of the amine groups and difficulty in preparing 
amine-containing silica nanoparticles using other techniques.
3.3.8 Particle composition and reactivity: Thiol-containing 
particles and products of their oxidative chlorination
The IR spectra for the thiol-containing particles possess many of the same 
characteristics discussed above (Figure 3.14). The important peaks found for 
these particles include a stretching vibration of S-H at ~2552 cm-1. Additionally, a 
peak found at 694 cm-1 is likely due to the C-S stretching vibration. Upon 
oxidative chlorination of the thiol-containing particles with thionyl chloride, the 
peak at 2552 cm-1 disappears, and a new peak is found at 1374 cm-1. The new 
peak can be attributed to S=O asymmetric stretch, commonly found in sulfonyl 
chlorides or sulfates. The disappearance of the S-H suggests conversion to the 
sulfonyl chloride.
TGA was also useful in analyzing these nanoparticles as oxidative 
chlorination adds a substantial amount of weight to the starting material (Figure
3.5). Thiol-containing particles showed weight loss of ~44 wt%. The particles 
that underwent oxidative chlorination showed weight loss of about ~55 wt%. 
Assuming that all of the additional weight loss resulted from the modification of 
the thiol groups in the starting particles, we calculate the ca. 77% conversion of 
these groups into sulfonyl chloride groups. If higher concentrations of the thionyl 
chloride and hydrogen peroxide are used to convert the thiol functionality, larger 
weight losses are observed by TGA. This would suggest an increased 
conversion of the thiol. However, recovery of the product decreases. This may
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be due to the thionyl chloride reacting with the crosslinked silica network and 
causing the particle to dissolve.
It is important to note that silanols on the surface of silica particles have 
been reacted with thionyl chloride for Si-Cl bonds.23 However, it is unlikely that 
the weight loss observed from the TGA data is from this surface modification. In 
our experience, surface functionalizations rarely show significant weight loss 
unless the modification is a polymer.
3.3.9 Particle composition and reactivity: Isocyanate-containing 
particles
The IR spectrum of the particles prepared using the isocyanate-containing 
precursor was less conclusive (Figure 3.16). The asymmetric stretch typically 
found at ~2250 cm-1 for the N=C=O group which was observed for the starting 
material is absent for these particles, which clearly indicates that isocyanate 
groups undergo a transformation. One possibility is the decarbonylation through 
hydroxide addition to yield CO2 and a terminal amine. However, a carbonyl-like 
vibration is present at 1689 cm-1. It may correspond to such groups as 
secondary amide, urea, or carbamic acid. While we are unable to ascertain the 
exact structure of these groups, it is most likely a carbamic acid anion or a 
urethane-like structure, considering the alkali preparation conditions in the 
presence of both ethanol and water. The very strong peak at 1469 cm-1 may 
represent an amide-like structure of a urea.
TGA data of the isocyanate-containing particles yielded some very 
interesting results. The material showed the weight loss of ~50 wt% (Appendix
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A). If the isocyanate group did convert to an amine under our conditions, the 
molecular weight of the silica/organic monomer would decrease from 136 to 110 
Da, much closer to that of the ethylcyano group, and one would expect a similar 
weight loss for these two particle types. Instead, we observed a significantly 
higher weight loss for isocyanate-containing materials, suggesting at least a 
partial preservation of the isocyanate moiety, or that of a urea-like or a carbamic- 
like functionality, as discussed above.
3.4 Conclusions
In this chapter, we described a simple set of conditions to prepare 
ORMOSIL particles with a variety of internal organic functional groups. We 
described general considerations for ORMOSIL particle formation, based on the 
chemical nature of the starting organotrialkoxysilane (hydrophobicity, 
hydrophilicity, etc.) We also demonstrated that similar precursors provide 
common chemical trends. For example, both the allyl- and vinyl-containing 
trialkoxysilane precursors require larger amounts of ethanol to prevent 
agglomeration and to yield well-defined particles, while the cyano-containing 
precursors yield particles without the need for a large amount of ethanol. 
Through our study, were able to make three consistent observations: (i) a higher 
base concentration results in larger populations of particles that are smaller in 
size; (ii) a lower base concentration or higher water concentration can improve 
yields; (iii) the formation of a smooth and nonaggregated suspension often 
results in spherical and submicron particles.
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We also demonstrated that organic functional groups present throughout 
the particle body are accessible and reactive. Also, one functional particle type 
may be used as a precursor for multiple nanoparticles via the internal functional 
group transformations. This suggests that ORMOSIL nanoparticles could be of 
considerable use in a variety of fields.
Future work includes the continuing effort to develop new functional 
ORMOSIL particle types. We are also testing these new materials as a 
stationary phase in solid phase extractions. Finally, we are developing methods 






EtOH, H20, NH4OH 
r.t..
Scheme 3.1: Attempted synthesis of alkene-containing ORMOSIL particles via
seeding method
Scheme 3.2: Synthesis of alkene-containing ORMOSILs via an emulsion-
mediated synthesis
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n = 0 or 1
Scheme 3.5: Bromination of vinyl- and ally-containing ORMOSIL particles






Scheme 3.7: Dansylation of the aminated ORMOSIL particles
ACN, SOCI2, H2 0 2  
r.t..
Scheme 3.8: Oxidative chlorination of thiol-containing particles
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Figure 3.2: Vinyl ORMOSIL products formed with the new silicate seed source.
Scale bar is 2 jjm.
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Figure 3.3: Aggregated vinyl products from the emulsion method. Scale bar is
2.5 ^m.
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Figure 3.5: SEM images of (a) vinylsilane particles, (b) allylsilane particles, 
(c) mercaptosilane particles, (d) ethylcyano particles, (e) propylcyano particles, 
(f) isocyanato particles. Scale bars are 5 |jm, 5 |jm, 10 |jm, 10 |jm,
5 |jm, and 10 |jm.
Figure 3.6: SEM of propylcyano particles prepared with higher concentration of 
sodium hydroxide. Scale bars are 25 |jm and 2.5 |jm.
Figure 3.7: IR spectra of vinyl (red), brominated vinyl (blue) ORMOSILs. Offset for clarity.
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Figure 3.8: IR spectra of allyl (red), and brominated allyl (blue) ORMOSILs. Offset for clarity.
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Figure 3.9: TGA data of vinyl (solid), brominated vinyl (dashed) ORMOSILs.
100




4000 3500 3000 2500 2000 1500 1000 
_______________________________________________Wavenumber cm-1_____________________________




4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
Figure 3.12: IR spectra of cyanopropyl (red), and reduced cyanopropyl (blue) ORMOSILs. Offset for clarity.
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Figure 3.13: Digital picture of dansylated cyanopropyl (left), and dansylated 
reduced cyanopropyl (right) ORMOSILs.
Figure 3.14: IR spectra of thiol (red), and oxidatively chlorinated thiol (blue) ORMOSILs. Offset for clarity.
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Figure 3.15: TGA data of thiol (solid), and oxidatively chlorinated thiol (dashed) ORMOSILs.
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Figure 3.16: IR spectrum of ‘isocyanato’ ORMOSIL.
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Table 3.1. Solvent amount per 1 mL of the silane precursor for the formation of 
the ORMOSIL nanoparticles.
solvent volume, mL


















sodium hydroxide concentration, M
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CHAPTER 4
SYNTHESIS OF TRI-FUNCTIONAL ORMOSIL PARTICLES:
PROOF OF PRINCIPLE FOR ORMOSILS WITH 
DRUG DELIVERY APPLICATIONS
4.1 Introduction
Nanoparticle-based drug delivery agents are materials that take 
advantage of the unique physical properties of nanosized architectures to deliver 
a therapeutic agent. They span a variety of materials, such as inorganic 
nanoparticles, micellar capsules, or dendritic polymers.8 Their small size, large 
surface areas, porosity, and targeting ability give them advantages over 
traditional delivery methods. A targeting ligand may be covalently bound to the 
nanoparticle surface to increase specificity toward a desired site (i.e., a receptor 
for endocytosis).9-12 A controlled response may release a drug over time or 
under specific conditions, which limits exposure of healthy tissue to the drug.9-12 
Additionally, covalent attachment of a drug to a nanoscale scaffold or 
internalization into the nanoparticle body may reduce toxicity by limiting the kinds 
of cells/tissue the drug would come in contact with.9-12
In the previous chapters, we described new methods to synthesize a 
variety of ORMOSIL particles. We also demonstrated that organic functionalities
of the ORMOSIL particles can undergo further chemical modification. In this 
chapter, we discuss our efforts to design a particle that contains three 
components for imaging, targeted delivery, and therapy. These more complex 
particles are designed to demonstrate potential applications of ORMOSIL 
products in the field of drug delivery. The therapeutic component is boron atoms, 
reactive nuclei suitable for neutron capture therapy.13 The imaging component is 
fluorescein isothiocyanate. The fluorescent dye would allow the particles to be 
tracked easily during in vitro studies.14 The targeting component is folic acid that 
is covalently attached to the particle surface. Folic acid can bind to the folate 
receptors that are common to many cancer cell lines.15 If the folic acid that is 
covalently attached to the particle surface comes into contact with the folate 
receptor of the cell, then it is likely to be internalized by the cell through 
endocytosis.16 We first attempted to synthesize a particle with these three 
components by using a series of internal chemical modifications and surface 
functionalizations using the methods described in the previous chapters. When 
these attempts to generate the particle proved ineffective, we developed a 
method that utilized a tri-condensation reaction to bring all of the components 
together in a single step. The organic functionalities of the tri-condensed species 
were then modified to yield the final product comprised of the therapeutic agent, 




All water-sensitive reactions were conducted under a dry nitrogen 
atmosphere using oven-dried glassware and anhydrous solvents. Hygroscopic 
liquids were transferred into reaction vessels via syringe through rubber septa.
4.2.2 Reagents
All solvents were obtained from Mallinckrodt Baker or Fisher Scientific at 
reagent grade, except for hexanes and ethyl acetate that were of technical grade. 
THF was dried over sodium benzophenone ketyl under nitrogen; 
dichloromethane was dried over calcium hydride under nitrogen. Toluene was 
dried over 4-A molecular sieves. All other solvents were used without further 
purification. The following reagents were used without further purification: 
NH4OH (30%, Mallinckrodt), vinyltriethoxysilane (Gelest), allyltrimethoxysilane 
(Gelest), BH3^ THF complex (1 M stabilized, Aldrich), fluorescein isothiocyanate 
(Aldrich), rhodamine B isothiocyanate (Aldrich), 3-aminopropyltriethosilane (98%, 
Aldrich), 3-aminopropyltrimethoxysilane (Fluka), tetraethylorthosilicate 
(+99.999%, Alfa Aesar), dansyl chloride (99%, Aldrich), folic acid (98%, Aldrich), 




IR spectra were recorded in KBr pellets in 400 to 4000 cm-1 range using a 
Bruker Tensor 37 IR Spectrophotometer. Scanning electron microscopy (SEM) 
images were obtained using a Hitachi S3000N instrument at an accelerating 
voltage between 20-25 kV. Thermogravimetric Analysis (TGA) measurements 
were performed using a TA Instruments TGA 2950 Thermogravimetric Analyzer 
in an open platinum pan. All drop-wise additions were made using a Razel 
Syringe pump model A-99 with a 5 mL syringe at an addition rate of about 3.8 
mL/hr. A Branson 1510 sonicator was used for all sonications.
4.2.4 Synthesis
4.2.4.1 Covalent attachment of fluorescein isothiocyanate to 3- 
aminopropytriethoxysilane (Scheme 4.1).17 Absolute ethanol (9.3 mL) was 
placed in a scintillation vial. In the dark, fluorescein isothiocyanate (5.3 mg,
0.014 mmol) was added to the vial. Finally, 3-aminipropyltriethoxysilane (0.73 
mL, 3.12 mmol) was added to the solution. The scintillation vial was capped, 
wrapped in aluminum foil, and stirred overnight. The solution was stored in the 
refrigerator for later use.
4.2.4.2 Covalent attachment of folic acid to 3-aminopropyltriethoxysilane 
(Scheme 4.2).18 Dimethylsulfoxide (10 mL) was placed in a round-bottom flask. 
1-Ethyl-3-(3-dimethylamino-propyl)carbodiimide (150 mg, 1 mmol) and folic acid 
(66 mg, 0.15 mmol) were next added to the flask. The solution was stirred until 
the solution became homogenous (for at least 30 min.). 3-
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aminopropyltriethoxysilane (40 |jL, 0.17 mmol) was added in a single portion to 
the solution and the contents of the flask were stirred overnight. The vessel was 
sealed and stored in a refrigerator for later use.
4.2.4.3 Hydroboration of alkene-rich ORMOSILs (Scheme 4.3). 
Hydroboration conditions are described in Chapter 2, Scheme 2.8. Identical 
conditions and work-up were utilized for all hydroboration reactions conducted to 
an alkene-containing ORMOSIL.
4.2.4..4 General method for surface functionalization of ORMOSIL 
particles (Scheme 4.4). An example of the surface functionalization with folic 
acid-modified silanes is described. ORMOSIL particles (25 mg) were dispersed 
in 15 mL of dimethylsulfoxide in a round-bottom flask and set to stir. The 
previously prepared folic acid solution (5 mL) was added in a single portion 
followed by 34 ^L of ammonium hydroxide. The solution was stirred overnight 
and an orange precipitate was collected by centrifugation. The particles were 
washed four times with dimethylsulfoxide and 1:1 mixture of ethanol and water.
4.2.4.5 Silica shell growth on the surface of ORMOSIL particles (Scheme 
4.5). A general method to grow layers of silica on the surface of OMROSIL 
particles is described. It was used for all particle types. ORMOSIL particles (50 
mg) were placed in a round-bottom flask. A Stober stock solution (6 mL) was 
added to the particles and briefly sonicated to homogenize the solution. The 
solution was stirred for ~20 min. Tetraethylorthosilicate (50 |jL) was added in a 
single portion and the solution was stirred overnight. The precipitate was
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collected by centrifugation and washed with 1:1 mixture of ethanol and water. 
The products were dried and SEM images were obtained.
4.2.4.6 Tri-condensation of trialkoxysilanes with -amine, alkene, and FITC 
functional groups (Scheme 4.6). Water (40 mL) and ethanol (40 mL) were 
placed in a round-bottom flask and magnetically stirred. Sodium hydroxide (1.3 
M, 3.23 mL) was added to the flask and stirred for 10 min. The flask was 
wrapped in aluminum foil to keep out light. Allyltrimethoxysilane (2.0 mL) was 
added to the vessel by syringe pump at a rate of 3.8 mL/h. As the 
allyltrimethoxysilane was being added from the syringe pump, 4 mL of the 
previously prepared FITC solution (Scheme 4.1) was added all at once. After 
half of the allyltrimethoxysilane addition was complete, another 4 mL of the FITC 
solution were added all at once. After addition of the allyltrimethoxysilane was 
complete, 2 mL of the FITC solution were added to the flask. The solution 
became turbid after several hours of stirring. The flask was sealed and 
continued to stir overnight. The precipitate was collected by centrifugation and 
washed several times with 1:1 water and ethanol until the decantate was 
colorless. The solution was then washed three more times. A yellow precipitate 
was collected and dried to yield a fine yellow powder. SEM, TGA, IR and 
Elemental Analysis were obtained for the powder.
4.2.4.7 Attachment of folic acid to the surface of tri-functionalized particles 
(Scheme 4.7). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (150 mg, 0.96 
mmol) and folic acid (70 mg, 0.16 mmol) were placed into a round-bottom flask 
containing 10 mL dimethylsulfoxide The solution was stirred for about 30 min., or
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until a uniform transparent yellow solution was observed. The previously 
prepared tri-functional OMROSIL particles (100 mg) were suspended in DMSO 
(5 mL) and briefly sonicated. The particle suspension was added to the folic acid 
solution, flask wrapped in aluminum foil, and solution stirred for 72 h. The 
resulting suspension changed from yellow to dark orange. The folic acid- 
modified particles were collected by centrifugation and washed with DMSO and 
1:1 ethanol and water mixtures. The particles were rinsed with small amounts of 
dilute HCl to liberate any noncovalently bound folic acid.19 The particles 
collected were yellow/orange, presumably due to the surface-bound folic acid. 
The persistence of fluorescence was confirmed via UV light. The products were 
analyzed by IR, SEM, TGA, and Elemental Analysis.
4.3 Results and Discussion
4.3.1 Early synthetic strategies
We first approached the synthesis of a three-component particle by 
conducting a series of surface modifications for the previously synthesized 
boron-containing ORMOSIL nanoparticles, prepared as discussed in Chapter 1. 
When we functionalized the particle surface with the fluorescein dye, the particles 
changed color from white to light yellow. If the particles were exposed to 365 nm 
UV light, the particles fluoresced bright green. The folic acid module was next 
covalently attached to the particle surface using a similar surface modification 
method. Unfortunately, this method involving multiple surface modifications did 
not yield stable products. Within several days of functionalizing a particle surface
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with fluorescein, the fluorescence color changed from green to blue and 
eventually disappeared. We concluded that fluorescein that was covalently 
attached to the surface was quenching from exposure to air, light, and/or water.20 
Modifying the particle surface with the folic acid also proved problematic. There 
was no qualitative or quantitative indicator to suggest that folic acid had 
covalently attached to the surface. The particles did not undergo any significant 
change in color, nor was there any significant change in the IR spectrum or TGA 
of the product. We modified the method by attempting to grow a thin layer of 
silica on the ORMOSIL particle surface. We rationalized that if the dye could be 
protected with a layer of silica, then fluorescence would be preserved and a new 
layer of silanols could be modified with folic acid.21
We first attempted to grow a thin silica shell on the surface of vinyl- 
containing ORMOSILs. SEM images were obtained for these new particles and 
revealed that our method was unsuccessful. SEM images of the “silica-coated 
vinyl-containing nanoparticles” did not appear as if a layer of silica had grown on 
the surface (Figure 4.1). A large population of very small particles was also 
observed, which suggests that the tetraethylorthosilicate was forming individual 
silica particles rather than growing on the vinyl-containing nanoparticle surface. 
In addition, fluorescent vinyl-containing nanoparticles were still quenching within 
days after being subjected to silica shell growth conditions, suggesting the dye 
was not protected. SEM images of the “silica-coated boron-containing 
nanoparticles” showed that some of the particles grew in size while others did not 
(Figure 4.2). The particles that underwent growth were much larger in diameter
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and their surfaces were no longer homogeneous like the surface of the starting 
materials. Unfortunately, the boron-containing particles that had been 
functionalized with a dye were still quenching. It seemed reasonable to conclude 
that the silica surface growth was not successful on the majority of the particles 
or that the silica shell was not protecting the dye.
4.3.2 The tri-condensation method
Next, we decided to employ a different synthetic method, a co­
condensation, which had been particularly useful in the past for those studying 
silica.22,23 Co-condensation is simultaneous hydrolysis and condensation of at 
least two silane precursors (often, tetraethylorthosilicate and an organically 
modified silane) to generate a hybrid structure.24,25 The resulting products 
possess a significantly higher concentration of the organic groups throughout the 
particle body compared to traditional surface modification/grafting. We 
hypothesized that if the three components could be co-condensed together, then 
the dye would be protected and the surface modification would easily follow. 
However, there is no example in the literature describing a co-condensation of 
two or more organosilanes.
We attempted to synthesize our three-component material (Scheme 4.6) 
by adapting our methods described in Chapter 3 for the allyl-containing 
nanoparticles. The allylsilane had to be used in the highest concentration to 
ensure maximum boron loading. The concentration of fluorescein was chosen to 
resemble a method17 used to generate dye-doped silica particles.
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4.3.2.1 Qualitative observations of tri-condensation products. The 
particles collected from the tri-condensation reaction were yellow (Figure 4.3) 
and hydrophobic. We believe that the hydrophobicity of the product was due to 
the large number of alkene groups introduced by the allyl-silane precursor. SEM 
showed spherical particles 300-500 nm in diameter (Figure 4.4). It is unclear if 
particles in this size range would be useful for in vivo work; however, they can be 
useful for in vitro studies and are more easily characterized (SEM, TEM, etc.) 
and thus perfectly suited as a model. The particles fluoresced bright green upon 
exposure to 365 nm UV light (Figure 4.5).
The alkene functionalities of the nanoparticles were hydroborated, as 
previously described.26 After the hydroboration, the particles became hydrophilic 
and dispersed easily in water, which is consistent with our previous results. 
Although the particles changed color from yellow to white (Figure 4.3), they 
fluoresced a bright green color (Figure 4.4). This suggested that at least some of 
the fluorescein-trialkoxysilane was internalized within the particle body and was 
not affected by the hydroboration. This would indicate that the dye was now 
properly protected for the first time. Indeed, the fluorescence lifetime of the 
particles could be measured in months instead of days.
Covalent attachment of the folic acid to the particle surface was achieved 
through the formation of a new amide bond between the carboxcylic acid of the 
folic acid and the primary amines on the particle surface. We believe the amide 
bond was formed on the carboxcylic acid found at the gamma position of the folic 
acid, as has been shown in the literature.27 The benefit of utilizing the coupling to
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the aminated surface instead of the surface modification with organosilane has to 
do with the retention in particle size of the starting material. Surface 
modifications with silanes can increase the diameter of a silica particle if the 
alkoxysilanes form multiple layers on the surface. This was observed in some of 
our earlier experiments that exposed particles to a series of surface modifications 
with alkoxysilanes.28 By coupling folic acid to the amines that are already on the 
particle surface, the increase in particle diameter is negligible.
After the surface modification, the color of the particles changed from 
white to yellow/orange (Figure 4.3). This color change was consistent with those 
in other reports describing modification of silica with folic acid.19 The particles 
were washed with a 1.0 M hydrocholoric acid solution to remove any non- 
covalently bound folic acid from the particle surface. The color persisted even 
after multiple acid washes. Furthermore, we performed a control experiment 
where boron-containing nanoparticles that did not possess any amine 
functionalities were surface-modified with folic acid using the same conditions. 
These nanoparticles did not undergo color change even after a prolonged 
exposure to the folic acid solution.
After the particles were washed and dried, a sample of the particles were 
resuspended in ethanol and irradiated with 365 nm UV light. The particles 
fluoresced a green/blue color (Figure 4.5). The slight color change may be a 
result of the new environment of the dye (boron, folic acid, etc.).29 Furthermore, 
the fluorescence of the products persisted for months instead of days, showing 
that the dye was protected.
122
4.3.2.2 IR and TGA data for tri-functional particles. The IR data that were 
obtained for the tri-functional nanoparticles and their functionalized products 
displayed many characteristics consistent with our previously synthesized 
ORMOSIL particles (Figure 4.6). The tri-functional particles displayed the typical 
Si-O-Si vibrations observed at ~1010 cm-1 (bending) and ~1110 cm-1 (stretching). 
Symmetric deformations of the Si-C bond were observed at ~1410 cm-1 and 1430 
cm-1. The C=C stretching vibration is clearly observed near 1600 cm-1. A series 
of C-H stretching vibrations can be found between 2800 cm-1 and 3200 cm-1. A 
weaker O-H stretching vibration can be seen at 3400 cm-1, which is likely due to 
surface silanols. Many of the absorptions characteristic of fluorescein or amines 
are not readily observed in the IR spectrum of the tri-functional particles. It is 
likely that fluorescein is in such a small concentration that it cannot be detected. 
The absorptions observed for the amines may be overlapping in other peaks of 
the spectrum or may be also present in a relatively low concentration.
The IR spectrum of the hydroborated tri-functional particles showed many 
characteristics similar to our previously described hydroborated products. The 
C=C stretching vibration found at 1600 cm-1 essentially disappears. Two new 
broad absorptions are observed near 1400 cm-1, which is characteristic of the 
B-O vibration, and 700 cm-1, which is characteristic of either a C-B or O-B-O 
stretch. Additionally, the O-H stretch observed at 3400 cm-1 increased in 
intensity, most likely due to the oxidation of the free borohydrides to hydroxyl 
groups. The spectrum offers strong evidence of the conversion of the alkene to
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boronic acid moieties. For reasons previously discussed (see Chapter 2), the 
exact chemical structure of the boron species remains unclear.
Finally, the IR spectrum of the folic acid-modified particles was nearly 
identical to the hydroborated product. The only clear difference was near 1700 
cm-1, where a weak absorption could be representative of either a carboxylic acid 
or imine functionality. In our experience, surface modification products are 
difficult to characterize with IR spectroscopy due to the low ratio of the surface 
groups relative to the bulk particle. However, the small change that was 
observed for the folic acid-modified product may be a qualitative indicator that 
folic acid was successfully covalently bound to the particle surface.
The TGA data collected for the three particles showed increasing weight 
loss with each functionalization (Figure 4.7). The tri-functional particles showed 
the weight loss of 19.3%. These data are consistent with TGA data we have 
collected for similar ORMOSIL particles. After the hydroboration of the alkenes 
of the starting material, TGA displayed a more significant weight loss of 30.8%. 
This value is comparable to our results for the hydroboration of a vinyl-containing 
nanoparticles. After the folic acid functionalization, the nanoparticles displayed a 
weight loss of 33.3%. This small increase in weight loss is somewhat surprising 
considering the substantial molecular weight of folic acid (441.4 g/mol). Thus, we 
conclude that most of the folic acid was bound to the surface of the particles 
rather than inside the particles.
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4.4 Conclusions
We successfully synthesized ORMOSIL particles containing three 
functionalities: boronic acid, fluorescein, and folic acid. We were able to achieve 
this by developing a method to co-condense three different organosilane 
precursors to yield tri-functional particles. They were then functionalized to yield 
a product containing a therapeutic agent, a fluorescent label, and a targeting 
ligand. Our study demonstrated that increasingly complex ORMOSIL particles 
can be synthesized in a simple and straightforward manner and that the organic 
functionalities found throughout the particle bodies can be selectively 
functionalized. In vitro and in vivo studies need to be conducted for the particles 
to determine if they are viable for drug delivery.
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Scheme 4.1: Covalent attachment of fluorescein isothiocyanate to 3-
aminopropytriethoxysilane
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Scheme 4.2: Covalent attachment of folic acid to 3-aminopropyltriethoxysilane






Scheme 4.4: General method for surface functionalization of ORMOSIL particles
1) Dye soln.
2) TEOS
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Scheme 4.7: Attachment of folic acid to the surface of tri-functionalized particles
128
Figure 4.1: SEM image of vinyl-ORMOSILs after silica shell growth. Scale bar is
5 ^m.
Figure 4.2: SEM image of boron rich OMOSILS after silica shell growth. Scale
bar is 5 ^m.
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Figure 4.3: Photograph of products of the tri-condensation reaction (left), 
hydroborated tri-condensation product, (middle) and the folic 
acid functionalized hydroborated product (right).
Figure 4.4: SEM image of tri-functional ORMOSIL particles. Scale bar is 5 ^m.
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Figure 4.5: Photograph of nanoparticles exposed to 365 nm UV light: tri­
condensation reaction (left), hydroborated tri-condensation product 
(middle), and folic acid functionalized hydroborated product (right).
Figure 4.6: IR spectra of tri-functional starting material (top, blue), hydroborated product (red, middle), 
and folic acid modified hydroborated product (bottom, green). Offset for clarity.
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Figure 4.7: TGA data of tri-functional starting material (top, blue), hydroborated product (red, middle), and
folic acid modified hydroborated product (bottom, green).
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
This thesis described new methods to synthesize and modify Organically 
Modified Silica particles. This was accomplished by first studying the post­
modification of vinyl functionalities of vinyl ORMOSIL particles. This was the first 
time an ORMOSIL particle was shown to be functionalized throughout the entire 
particle body. New types of ORMOSIL particles were next synthesized in an 
effort to better understand how new ORMOSILs can be formed and how well 
they undergo additional modification As a result, new families of ORMOSIL 
particles were synthesized by a new and easy-to-use method. The particles 
were also able to undergo further postmodification. Finally, a new hybrid particle 
was synthesized in order to demonstrate proof of principle of how these new 
ORMOSIL particles could find use in drug delivery. A tri-condensation reaction 
was used to synthesize particles with three distinct organic functionalities. The 
organic functionalities were postmodified in such a way to yield a product with a 
fluorescent label, a targeting ligand, and a drug. Early in vitro studies have 
begun on the particle to test for toxicity and the ability for the particle to target 
folic acid receptors.
Additional research within the ORMOSIL field is currently underway that 
has used many of the lessons learned through this study as a template. For 
example, highly porous vinyl ORMOSIL particles are being developed using a 
micellar solution as template. These highly porous particles may have a range of 
applications as an antifogging agent, in chemical separations, or in drug delivery. 
A new hybrid ORMOSIL particle is also being synthesized that is degradable 
under near biological conditions. If these particles are able to fully dissolve and 
break down in biological conditions, they will likely become a new prime 
candidate for silica-based drug delivery applications. Solid Phase Extraction 
cartridges are also being developed using ORMOSIL particles as the stationary 
phase. Extraction of an analyte from a biological matrix is an expensive and 
time-consuming process in any analytical laboratory. Solid Phase Extraction 
cartridges can help efficiently and easily purify a sample in preparation for 
analysis. This can also act as a vaulting point for using ORMOSIL particles for 
other forms of chromatography such as high-pressure liquid chromatography. 
The ability to form a variety of particle types with different diameters and different 
organic functionalities that can be further modified make ORMOSIL particles 
versatile and potentially useful candidates for a variety of applications.
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APPENDIX
ADDITIONAL SYNTHETIC CONDITIONS AND 
DATA FOR SELECT PRODUCTS
A.1 Attempted synthesis of borosilicate particles via seeding method 
(Scheme A.1).1 The same procedure was used as described in 2.2.4.1, but 
TEOS was added using an addition funnel in order to slowly grow the size of the 
silica nanoparticles. IR spectra were recorded in KBr pellets. Note: The above 
two reaction conditions were also altered in attempts to optimize the conditions. 
The changes included: ratio of B(OH)3:TEOS, rate of addition of TEOS, NH4OH 
concentration, and temperature.
A.2 Preparation of a-pinene borohydride (Scheme A.2).2 Dry THF (15 mL) 
was placed into a 3-neck round-bottom flask. Pinene (8.5 mL, 55 mmol) was 
next added to the flask. Finally, 10 M borane methylsulfide complex (2.5 mL) 
was carefully added to the flask with stirring. The rate of addition was controlled 
to prevent overheating. After the addition was complete, a clear solution was 
observed. Stirring was stopped and the product was allowed to slowly re- 
crystallize overnight. The next day, the solution with crystals was put into an ice 
bath to maximize yield. The liquid phase of the solution was removed with a
syringe and the crystals were washed several times with dry THF. After washing, 
the crystals were stored in freshly dried THF in the freezer until needed. No 
further characterization was conducted do to high reactivity.
A.3 Hydroboration of vinyltriethoxysilane with a-pinene borohydride 
(Scheme A.3). Into an ice bath-cooled 3-neck round-bottom flask, dry THF (15 
mL) was added. a-Pinene borohydride (1.1 g, 4 mmol) was added as a 
suspension to the flask. Finally, vinyltriethoxysilane (0.55 mL, 2.6 mmol) was 
added to the flask dropwise. The contents of the flask were continually stirred at 
0° C and allowed to warm to room temperature after the addition was complete. 
TLC was used to monitor the reaction progress. Due to difficulties in purification, 
the product obtained was used as is.
A.4 Oxidation of 2-(dipineneboro)ethyltriethoxysilane with acetaldehyde 
(Scheme A.4). The previously prepared solution was cooled in an ice bath. 
Acetaldehyde (0.9 mL, 16 mmol) was added in a single portion to the solution. 
The solution was stirred overnight. The solvent was removed and the contents 
were used as is, without further purification.
A.5 Catalytic hydroboration of allyltriethoxysilane with pinacolborane 
(Scheme A.5).3 Dry dichloromethane (15 mL) was added to a 3-neck round- 
bottom flask. Allyltriethoxysilane (0.2 mL, 0.89 mmol) was added to the flask. 
Pinacolborane (0.26 mL, 1.8 mmol) was next added to the flask. Finally, about 2 
mol% Wilkinson’s catalyst was added to the flask and the solution was stirred for 
48 h. Disappearance of the starting material was confirmed by TLC, and the 
product was isolated by flash chromatography using a 9:1 hexane:ethyl acetate
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mixture. Product yields were between 15-50%. The collected product was used 
as obtained.
A.6 Catalytic hydroboration of allyltriethoxysilane with catecholborane 
(Scheme A.6).4 Conditions identical to those described above were used 
replacing pinacolborane with catecholborane. Typical yields were between 40­
50%.
A.7 Catalytic hydrosilation of allylboronic acidpinacol ester (Scheme A.7).5 
Dry tetrahydrofuran (10 mL) was added to a round-bottom flask. To the flask, 
triethoxysilane (0.77 mL, 4 mmol) was added. Allylboronic acid pinacol ester (0.5 
mL, 2.7 mmol) was next added to the flask followed by ~2-3 mol% Karstedt’s 
catalyst. The solution was stirred overnight. 2mol% of the Karstedt’s catalyst 
and 1.5 eqs. of triethoxysilane was added after TLC showed incomplete reaction 
of the allylboronic acid pinalcol ester. The product was isolated via flash 
chromatography with an 85:15 hexane:ethylacetate elutant. Typically, yields 
were <40%.
A.8 Attempted hydroboration of vinyltriethoxysilane (Scheme A.8). Dry 
tetrahydrofuran (30 mL) was added to a round-bottom flask at 0° C. 
Vinyltriethoxysilane (3 mL, 14.4 mmol) was added into the cold THF solution and 
set to stir. 1M BH3.THF (4.8 mL, 4.8 mmol) was carefully added to the solution. 
The solution was stirred for 3 h. at 0° C, then warmed to room temperature and 
stirred for another hour at room temperature. The product could not be isolated.
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Scheme A.8: Attempted hydroboration of vinyltriethoxysilane.
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Figure A.1: TGA of ethyl-cyano (blue), propyl-cyano (green), and isocyanato-containing (red) ORMOSILS 142
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Figure A.2: Phase contrast images of (left) FA-modified particles, (middle) 
control, and (right) particles not FA-modified.
Figure A.3: Phase contrast images of (left) FA-modified particles, (middle) 
control, and (right) no FA modification
Figure A.4: Phase contrast images with aliquot additions of (left) FA-modified 
particles, (middle) control, and (right) no FA modification
300FA+
Control 300FA+ pq focus
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Figure A.5: Confocal image of (left) control, (middle) FA-modified particles 
focused, and (right) FA-modified particles w/out focus.
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